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Snakes are among the least understood vertebrate groups despite their 
considerable diversity. A diverse community of snakes in an ecosystem can indicate a 
complex habitat structure that is capable of supporting a robust assemblage of other biota. 
I used remote photography arrays (RPA) to quantify metrics of diversity for the snake 
community occurring in a ~7,000–ha tract of contiguous Longleaf Pine (Pinus palustris) 
Savanna within the Angelina National Forest (ANF; Angelina and Jasper Cos., TX), over 
the course of two consecutive snake activity seasons. I quantified the snake species 
richness, Shannon diversity, and Shannon equitability for the snake community in ANF. I 
performed several statistical analyses to identify the factors (both habitat and temporal 
variables) that most influenced the assemblage of snake species detected in ANF. In total, 
RPA detected 1,094 snakes representing 19 species and four families. An additional five 
species were documented during field survey efforts. Habitat parameters that typically 
correlate well with metrics of snake diversity were weak predictors at my study site, and 
temporal variables that might be reliable for predicting snake activity patterns were 
similarly poor. The ecological roles of individual species of snakes and the structuring of 
the snake community in ANF remain unclear. Nevertheless, the 24 species of snakes that 
I detected at ANF, several of which were poorly documented during previous sampling 
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Vertebrate diversity is declining globally (Gibbons et al. 2000; Todd et al. 2010; 
Lukoschek et al. 2013), with many species suffering population declines because of 
anthropogenic habitat alteration (Fahrig 1997; Fischer & Lindenmayer 2007; 
MacDougall et al. 2013), or gradual habitat degradation (Loehle et al. 2005; Theisinger & 
Raianarivo 2015). Adverse effects of long-term ecosystem degradation are multifaceted 
and sometimes irreversible (Olden et al. 2004; Whitfield et al. 2007; Croak et al. 2010; 
Newbold et al. 2015). For example, habitat fragmentation can generate genetic 
bottlenecks among demes of a given species, thereby disrupting the metapopulation 
dynamics that maintain genetic variation (Wang 2013; Ettling & Parker 2017), and 
increasing each population’s vulnerability to stochastic decreases in population size 
(Robinson et al. 1992; Balkenhol & Waits 2009; Clark et al. 2010). The conditions under 
which a genetic bottleneck might occur are exaggerated in fragmented landscapes 
because parcels of suitable habitat are geographically discrete (Michael et al. 2008). 
Communities are a standard unit for measuring and conserving vertebrate 
diversity (Kraft et al. 2007; Cadotte et al. 2010; Pavoine & Bonsall 2010). For ecologists, 
community-level research can be useful for both monitoring the functionality of an 
ecosystem (Hutchinson 1958) and conserving the vertebrates therein (Schwartz et al. 
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2000; Yoccoz et al. 2001; Gering et al. 2003; Mouchet et al. 2010; Zipkin et al. 2010; 
Jackson & Fahrig 2015). Community ecology is a conceptually broad field of study for 
several reasons (Vellend 2010; Violle et al. 2012). For example, a community of 
organisms can be any number of ecologically interrelated taxa that co-occur in a specified 
geographic region of any size (e.g., a community of cetaceans might occur throughout an 
ocean, while a community of microorganisms might only occur in a human’s gut). 
However, the species that form a community do not have to be closely related 
phylogenetically or otherwise (Elton 1927). In some cases, diverse communities of 
vertebrates are also those susceptible to population decline, especially if they occur 
within rare ecosystem types (e.g., ecosystems that, over some period of time, have 
experienced widespread spatial decline across the historical distribution; Fahrig & 
Merriam 1994; Gardner et al. 2009; Morris 2010). 
For my thesis, I distilled the concept of a community to an assemblage of 
vertebrate fauna that, in some cases, have common activity patterns, morphologies, or 
functional traits (Jung et al. 2010). My research focused on quantifying the diversity of a 
snake assemblage. Thus, I use the term ‘community’ as a descriptor for the assemblage of 
vertebrates in my study site that belong to the clade Serpentes, within Reptilia (Heatwole 
1982; Vitt 1987). 
Reptile Diversity 
Non-avian reptiles (hereafter: ‘reptiles’) are a diverse clade of terrestrial 
vertebrates, second only to birds in global diversity of species. As of early 2018, over 
3 
10,700 species of extant reptiles occur worldwide (Pincheira-Donoso et al. 2013; Roll et 
al. 2017; Uetz & Stylianou 2018). Anthropogenic influences are a driver of the global 
decline in reptile species, and especially those activities that disturb habitat (Smith et al. 
2012; Beirne et al. 2013). Examples that can impact reptile diversity include large-scale 
habitat modification (Landers & Wade 1991; Freedman et al. 2009; Gillespie et al. 2015) 
or unsustainable land usage (Shine et al. 2002; Edwards et al. 2010; Nopper et al. 2017). 
Reptiles are cosmopolitan, having adapted to all ecosystems except those at the 
poles (Scholander et al. 1953; Burbrink & Pyron 2010; Steen et al. 2012a). Reptilian 
diversity tends to increase as latitude decreases (Irwin et al. 2010; McCain 2010; Relox et 
al. 2011), and researchers have proposed hypotheses to explain these latitudinal gradients 
(Pyron & Burbrink 2009). One such hypothesis describes how the ancestral origins of 
most reptilian clades were in the tropics, and outward diversification away from the 
equator took place until ranges retracted because of global cooling (e.g., glaciation; 
Fattorini 2010; Laduke et al. 2010; Losos 2010; Hsiang et al. 2015). 
Snakes are among the most diverse reptilian clades in terms of the number of 
extant species, representing over 30% of all species of reptiles (Chase & Myers 2011; 
Pyron & Burbrink 2012). Snakes have adapted to cope with a range of environmental 
variables, even occurring in relatively harsh climates like deserts and high elevation 
steppes (Rajabizadeh 2013; Pradhan et al. 2014). Several snake species are marine-
adapted or entirely pelagic (Brischoux 2007), and many others are either semi-fossorial 
or wholly adapted for a subterranean lifestyle (Wardle et al. 2004). Grundler and 
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Rabosky (2014) showed that clades of snakes that are separated by long distances 
(>15,000 km) might show high levels of morphological convergence. However, these 
morphologically similar clades possess many distinct adaptations that allow for each to 
occupy different habitats and unique positions in the local food web. The unique niche 
diversity and microhabitat preferences among snakes are still observable at smaller 
spatial scales, even among species within a single ecosystem. 
The biological characteristics that are intrinsic to most, if not all, species of 
snakes make them sensitive to disturbances within their habitats (Dodd 1987; Burger et 
al. 2007; Breininger et al. 2012). All snakes are limbless, and many species are cryptic 
and/or possess smaller home ranges than other vertebrates in a given ecosystem (e.g., 
Longleaf Pine [Pinus palustris] Savanna; Andrews & Gibbons 2005; Clark et al. 2010). 
Also, many species of snakes are specialized such that they only occupy specific, obscure 
ecological niches (Crosswhite et al. 2004). Niche specialization can amplify species’ 
vulnerability to habitat alteration because those species rely on particular habitats, and 
possibly other limiting factors, therein (Jost 2007; Michael et al. 2015). Ecological 
specialists might also be limited in their ability to adapt to or emigrate from a habitat 
experiencing any type of disturbance (Bonnet et al. 1999; Boback & Guyer 2003; Cooper 
& Secor 2007; Öckinger et al. 2010). Small species of snakes are especially vulnerable, 
as they are likely unable to travel long distances, or successfully navigate around 
anthropogenic barriers (Gray 1946; Gregory et al. 1987; Hartman et al. 2009).  
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Species’ responses to disturbances vary among ecosystems and can include 
changes in habitat usage (Blouin-Demers & Weatherhead 2001; Howey et al. 2016), 
proportional shifts in community structure (Villéger et al. 2008), and heightened 
competition (Luiselli 2006; Lelièvre et al. 2012; Durso et al. 2013). Communities of 
snakes that include rare species (e.g., those that occur in patchy, low-density populations 
within their geographic distribution), or specialist species (e.g., those species of snakes 
whose diets are restricted to only a handful of different prey species, or snake species that 
only persist in one kind of habitat), are more likely to experience structural shifts, or 
collapses, because of the negative impacts of habitat modification on a given ecosystem 
(Rudolph & Burgdorf 1997; Rodda 2012; Mouillot et al. 2013a). 
Limiting Factors 
The availability of resources in a habitat influence the structure and diversity of 
snake communities (Tilman 2002; Durso et al. 2013). All snakes are obligate carnivores, 
and many species of snakes occupy the upper levels of trophic webs (Dorcas et al. 2012). 
Like most carnivorous species, snakes are important contributors to the stability of 
trophic webs because of their impact on the populations of the prey species that they 
consume (Ellison et al. 2005; Larsen et al. 2005; O’Brien et al. 2010). Some species of 
snakes are apex predators in their native ecosystems (e.g., Eunectes murinus throughout 
the Amazon Basin in South America), or as invasive species (e.g., Python spp. in 
southern Florida, USA; Shea & Chesson 2002; McGeoch et al. 2010). 
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In anthropogenic landscapes, resources can be dynamic commodities (Kjoss & 
Livaitis 2001; Hunt et al. 2013; Mouillot et al. 2013b), and changes to resource 
availability can negatively affect populations of snakes (Hostetler & Drake 2009; 
MacDougall et al. 2013). Habitat alteration that promotes variable levels of limiting 
factor resources might result in, or increase, competition for resources among co-
occurring species of snakes (Boback & Guyer 2003; Uriarte et al. 2010; Scali 2011) and 
can result in destabilizing changes in the relative abundances of species, or the collapse 
of the community structure (Metzger et al. 2009; Mayfield & Levine 2010). 
Quantifying Snake Diversity 
Ecosystems characterized by diverse snake communities necessarily contain the 
resources that are required to accommodate the species of snakes occurring therein (Shine 
& Bonnet 2000; Beaupre & Douglas 2009; Mason et al. 2011). Because snakes are 
sensitive to changes in their ecosystem, monitoring the diversity within a community can 
identify unusual patterns in the community structure that might indicate decreased 
ecosystem quality (Fahrig 1997; Bender et al. 1998). Worldwide, habitat alteration 
threatens a variety of ecosystems that contain robust assemblages of snakes (e.g., Martins 
et al. 2008; Pike et al. 2010). In the United States, some of these ecosystems are rare, and 
of high conservation-priority for managers (e.g., Longleaf Pine [Pinus palustris] 
Savannas). 
Effective management of contiguous parcels of land can support diverse 
communities of native species of snakes. The presence of certain snake species can 
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indicate that the ecological requirements for co-occurring vertebrates are also met in the 
same habitat. If conservation-oriented management of a given ecosystem enriches snake 
diversity, then quantifying and monitoring snake diversity can help inform current 
management objectives. An understanding of snake communities also allows researchers 
to properly interpret variation in metrics of snake diversity as they relate to 
environmental change. The responses of snake species to changes in their habitat can 
provide managers with the information necessary to execute more precise conservation 
protocols. Successful detection of all species within a community of snakes is difficult, 
however, especially in areas where species diversity is high (Durso & Seigel 2015). 
Furthermore, accurate records of the structure of a snake community require long-term 
studies (Magurran et al. 2010; Weiher et al. 2011). Compared to other vertebrate groups, 
studies that accurately quantify communities of snakes are underrepresented in the 
literature (Durso et al. 2011; but see Filippi & Luiselli 2006; Steen et al. 2012b; Ernst et 
al. 2014; Akani et al. 2015). Several studies have estimated the health of a snake 
community by identifying a focal species, or a subset of syntopic species (e.g., Carfagno 
& Weatherhead 2006; Breininger et al. 2012). Common techniques for sampling snakes 
(see Henderson et al. 2016; Willson 2016) are often unable to detect representatives of 
every species in a community, especially in habitats where detecting snakes is 
problematic (e.g., Ribeiro-Júnior et al. 2008).  
Quantitative studies can improve our understanding of the community ecology 
and life-histories of co-occurring snakes. Furthermore, these data can aid in evaluating 
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the distribution of other biota and resources within a focal ecosystem, as well as provide 
effective management strategies for that habitat (Shipman et al. 2004; Dray et al. 2012; 
Pollock et al. 2014; Stephens et al. 2015). In ecosystems with active habitat management, 
studies that monitor snake communities can further inform management for sustaining all 
species therein (Ares et al. 2010; Hu et al. 2013; Werling et al. 2013; Wortley et al. 
2013). Knowledge about the diversity and structuring of a regional snake community 
(e.g., metrics of diversity, presence or absence, abundances of species, and dietary 
overlap) also enables researchers to make inferences about the complexity and quality of 
an ecosystem (Brown & Parker 1982; McGill et al. 2006; França et al. 2008). 
The Focal Ecosystem 
Longleaf Pine (Pinus palustris) Savannas contain some of the most diverse 
assemblages of certain biota (e.g., snakes, grasses) among the ecosystems occurring in 
the continental United States (Walker 1998). Old growth Longleaf Pine Savannas are 
virtually nonexistent, however, because of the widespread habitat alteration that followed 
European settlement three centuries ago (Sargent 1884; Van Lear et al. 2005). 
Historically, Longleaf Pine Savannas were the dominant xeric ecosystem type throughout 
the Atlantic Coastal Plain (peak area ≈30 million ha; Frost 1993; Wagner et al. 2014). 
Post-settlement alterations included direct harvest, fire suppression, and land conversion, 
all of which ultimately contributed to a net loss of ~97% of all Longleaf Pine Savannas. 
Long-term fire suppression accelerated the establishment of alternate, or successional 
types of vegetation (Frost 1993; Bond & Keeley 2005; Pakeman 2011). The concurrent 
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conversion of Longleaf Pine Savannas to agricultural land or pine plantations consisting 
of rapidly-maturing species of pine (e.g., Loblolly Pine [Pinus taeda]; Van Lear et al. 
2005; Steen 2013), neither of which support as many vertebrate species, also reduced 
levels of biodiversity compared to the original ecosystem (Aresco & Guyer 1999; Hartley 
2002; Owens et al. 2008; Azor et al. 2015). 
Longleaf Pine Savanna occurs in the southern Angelina National Forest (ANF; 
Angelina and Jasper counties, Texas), part of the Western Gulf Coastal Plain that ranges 
across eastern Texas and western Louisiana, USA. ANF spans 62,000 ha, and the 
~7,000–ha tract of the ANF encompassing my study site is the western-most geographic 
distribution of Longleaf Pine Savannas; this region is ecologically distinct from similar 
habitats that exist elsewhere. The majority of the Longleaf Pine Savanna in ANF is 
managed for two endemic species, Longleaf Pine (P. palustris) and Red-cockaded 
Woodpeckers (Picoides borealis; Conner et al. 1996, 2001). Activities that help sustain 
these species also support a vegetative community that is structurally comparable to pre-
colonial Longleaf Pine Savannas (Noss 1989; Walker 1998). Prescribed burning is among 
the techniques used by the United States Forest Service (USFS) within ANF and, as a 
result, it persists as contiguous Longleaf Pine Savanna (pers. comm., D. Snyder 2017). 
Reestablished areas of savanna contain stands of Longleaf Pine that are relatively young 
(few trees are >100 years old). The savannas are also composed of loose and sandy soils 
that have poor drainage properties (i.e., the soil is porous such that water rapidly 
permeates at higher elevation ridges, and pools near the water table, or when abutting 
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rock/clay layers; Wagner et al. 2014). Among the host of native vertebrate fauna that 
occur in ANF, the Longleaf Pine Savanna also supports a snake community that has 
consisted of several regionally uncommon species, and a handful of threatened species at 
either the state (e.g., Crotalus horridus) or federal (e.g., Pituophis ruthveni) levels (pers. 
comm., J. Childress, J.B. Pierce; F. Vasquez 2015–2017). The terrain characteristic of 
ANF makes detecting snakes difficult, however, and historical capture rates using box 
traps are low (unpublished USFS data, Southern Research Station). 
Research Overview 
My primary research objective was to quantify the snake community diversity in 
ANF within a large (≥7,000 ha) tract of contiguous Longleaf Pine Savanna including 
species richness, Shannon diversity, and Shannon equitability. My secondary objective 
was to test the efficacy of a little-used sampling technique for detecting species of snakes 
at this spatiotemporal scale (e.g., Welbourne 2013; Burton et al. 2015; Adams et al. 
2017). I performed several statistical analyses to determine whether or not certain 
environmental variables influenced the diversity of the snake community that was 
detected. I discuss my findings after two consecutive sampling periods in ANF. I describe 
the assemblage of snake species that were detected, the metrics of snake community 
diversity that I quantified, and the predictive models that I built. I explain the 
confounding factors associated with sampling snakes in this ecosystem, and how these 
issues limited my ability to both generate more accurate metrics of snake diversity and 
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build predictive models (Lessard et al. 2012). I also offer suggestions for those interested 









I selected 20 sampling localities within ANF (Appendices I & II). Each site was 
separated from all others by ≥200 m and in the vicinity (50–300 m) of existing USDA 
Forest Service box trap-arrays (installed to capture large-bodied, terrestrial snakes; 
Burgdorf et al. 2005). In January and February 2016, I installed drift fence arrays at each 
location. Researchers use drift fencing to direct amphibians and reptiles to traps that are 
designed to physically capture specimens (e.g., Gibbons & Semlitsch 1981; Willson 
2016), and the fencing serves a similar purpose in this study. When a snake encounters a 
fence, it alters its trajectory such that it is directed to an open area between intersecting 
sections of fencing material. Each array consisted of 15–m lengths of steel, hardware 
cloth fencing (0.5–m wide) with a pore size of 0.64–cm2. The fencing width was oriented 
vertically, such that ~10 cm of the fence was entrenched below grade and ~40 cm of the 
fence was held taut, supported by steel rods that I inserted in the substrate adjoining the 
fence. In this orientation, animal trespass over the fence was minimized. Allowing for 
some deviation to avoid trees, each length of fence extended linearly, displaced ~90° 
from each other, and away from a 1–m2 central area. 
At the edge of the 1–m2 central area of each fence array, I inserted a 1.91–cm 
diameter, 310–cm long, steel conduit pipe into the substrate, to a depth of 75 cm. I bent 
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the upper 75 cm of each pipe to ~90° and positioned the bent part of the pipe such that it 
extended directly over the center of the fencing array (~1.5 m above the forest floor) and 
was parallel to the substrate below. I then secured a Reconyx wildlife game camera 
(model PC800™, hereafter “camera;” Reconyx, Inc., Holmen, Wisconsin) to the portion 
of the conduit that extended over the center of the array (Fig. 1). 
I affixed each camera to a pipe by mounting it to a GorillaPod™ and then using 
the flexible tripod legs to grip the pipe. I further secured each camera by fitting an 
adjustable bungee cord through preexisting holes in the camera housing, and around both 
the tripod and the pipe. I tied the ends of the bungee cord together such that they did not 
obscure the camera’s field of view. This mechanism acted as a failsafe in case the camera 
or tripod became dislodged. I oriented each camera such that the lens was parallel to the 
substrate below (Fig. 1). The field of view for the camera encompassed the entire 1–m2 
central area where the sections of fence converged, at a distance that provided optimal 
image quality of animals moving within the frame. Hereinafter, I refer to the combination 
of drift fencing and camera apparatus as a remote photography array (RPA).  
Each RPA was operational at a given location from 24 February–3 December 
2016 (Season/year 1) and from 2 February–14 October 2017 (Season/year 2). I 
programmed all cameras before deployment by using the Professional Settings (Reconyx, 
Inc. 2016) software package. Cameras used time-lapse photography, activating at 30–sec 
intervals, from approximately dawn -60 min to dusk +60 min. I equipped the cameras 
with removable, 32–GB SDHC memory cards to store all images. I manually adjusted the 
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timeframe during which cameras were active in order to optimize the efficiency of 
battery usage and SDHC storage capacity between maintenance of RPA. I also 
considered the seasonal variation in weather conditions as they pertain to the diel activity 
of snakes when adjusting cameras’ schedules, and all adjustments were the same for all 
20 RPA. After I deployed the programmed cameras at all fence arrays, I limited my 
activity at each location to periodic visits (every 21–31 days) during which I replaced 
camera batteries, exchanged memory cards, confirmed that the orientation of the camera 
lens still framed the 1–m2 area where the fences converged, and maintained the drift 
fencing arrays. 
I examined all images on the memory cards for the presence of snakes using the 
image-viewing software Mapview Professional v3.5.3.1 (Reconyx, Inc. 2016). If an 
image contained a snake, I identified it to species. 
Quantification Protocol for Remote Photography 
Because cameras were continuously taking photographs during the sampling 
periods, the same species of snake was occasionally recorded in a consecutive sequence 
of images. I developed a protocol to quantify individual snakes that was specific to this 
study and is applied throughout. A detection of an individual snake (detection) is defined 
as ≥1 consecutive photographs of the same species of snake; data were only analyzed for 
the first photograph in any sequence. This rationale is applied to all data that I present 
within the contents of this document. 
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Snake Species Identification 
Some of the snakes that were detected by RPA were not immediately identifiable 
to species. In any instance where I was unsure about the identity of a snake, I relied on 
several techniques to supplement my preexisting knowledge. I looked at snakes’ 
coloration, dorsal patterns, morphotype, scalation, and the temporal conditions under 
which any detection occurred. 
Because I did not physically capture the snakes that were photographed, I could 
not measure the animals directly. Instead, I calculated proportions to determine the 
degree to which an image was scaled. I measured the pixel dimensions of certain physical 
identifiers of a photographed snake, and also measured the pixel dimensions of an object 
within-frame that was static throughout the sampling interval. I then went to the RPA 
where the detection occurred and measured the same object in order to calculate a 
conversion factor for pixels to metric units (mm). With this conversion factor, I was able 
to accurately quantify certain morphometrics of the snake in question. I repeated this 
process for each detection of a snake because conversion factors differed across RPA and 
time. 
Habitat Parameterization 
I measured various habitat features at each RPA in May–June 2016 (after 
dominant hardwoods and other deciduous vegetation had fully leafed-out; Table 1). I 
measured these variables by hand because satellite imagery does not display at an 
adequate resolution for measuring habitat at this scale (Guisan & Hofer 2003; Laurent et 
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al. 2005; Phua & Minowa 2005; Dramstad et al. 2006). I used the central, open area of 
each fence array as the reference point for all measurements associated with the 
associated RPA. Because I cleared the substrate of vegetation for the initial installation of 
drift fencing and conduit pipes, I obtained most vegetation measurements at points 15 m 
beyond the distal end of each of the four fences that formed an RPA. I estimated the 
percent-cover for six categories of ground cover using a 1–m2 quadrat. The categories 
were: exposed soil, herbaceous plants, woody debris, grasses and forbs, deciduous plants, 
and leaf litter. For a given RPA, values from all four quadrants of a given array were 
averaged to provide the percentages of the ground covered by each category. 
I estimated basal area (m2/ha) with a wedge prism. I obtained five measurements 
at each RPA (at the camera, and at points 15 m distal to the end of each fence) and 
averaged those values to estimate the basal area. I estimated the understory foliage 
density at each sampling location by using a foliage density index, similar to that 
established by MacArthur & MacArthur (1961), where K is an approximation of foliage 
density and D is the distance (m) to the observer, the formula for K as follows: 
K = (ln2/D) 
I calculated a mean value of four K values (each cardinal direction distal from the center 
of each array). I recorded all distance measurements (D) at ~1.5 m above the substrate. I 
used a 40–cm2 checkered density board to determine the straight-line distance away from 
my position required for vegetation to obscure 50% of the board area. This index of 
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foliage density is normally estimated using a 71–cm2 density board, so I modified my 
data by using the difference of board dimensions: 
KRPA = ((ln2/D) × (0.3174)) 
I estimated the percent canopy closure for each RPA locality by using a spherical 
densiometer. I measured the straight-line distance (±1 m) from the center of each RPA to 
the nearest road. 
Each camera automatically recorded the date, time, and ambient temperature for 
all photographs. I obtained other meteorological information as needed from the nearest 
NOAA weather station (USC00417936: Sam Rayburn Dam, Jasper County, Texas; 
31°03'39.1"N, 94°06'22.3"W), ~7 km east of my study site. 
Land managers from the USDA Forest Service (Angelina National Forest Ranger 
Station, Zavalla, TX) prescribed several fires for ANF during the study period. In January 
2017, managers executed a prescribed burn within the northeastern portion of my study 
area, and the fire passed through one RPA. In May–June 2017, several prescribed fires 
occurred in the southwestern section of the study site and vegetation burned at three of 
the RPA. During this latter period, I removed cameras ~90 min before ignition, and 
redeployed cameras several minutes after the fires moved through each location. 
Quantifying Diversity 
There are several methods used to measure species diversity (reviewed in 
Pavovine et al. 2009; Baselga & Leprieur 2015), and there are three general kinds of 
diversity—alpha (α), gamma (γ), and beta (β; reviewed Whittaker 1960; Whittaker et al. 
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2001; Anderson et al. 2011). Alpha diversity is the ‘local’ diversity, or diversity 
associated with a single RPA, gamma diversity is the ‘regional’ diversity, or diversity 
associated with all 20 RPA, and beta diversity is the ratio of alpha to gamma diversity. I 
calculated values for α (RPA-specific) and γ (all RPA) diversity, and most-often report γ 
diversity because of the sampling regime in place among all RPA, and because the study 
site was determined to be a contiguous ecosystem. Whereas the habitat parameters 
measured within a 100–m diameter of each RPA were not identical, the ecological 
continuity of ANF is indicative of a contiguous Longleaf Pine Savanna (Crist et al. 2003; 
Leibold et al. 2004; Legendre 2014). 
I used three metrics of diversity to assess RPA-specific, and site-wide measures of 
snake species diversity, within and among the two seasons of sampling. I quantified the 
species richness (S), and two Shannon indices (Shannon & Weaver 1949) in Shannon 
diversity (H) and Shannon equitability (EH). I also used Jaccard’s Similarity Coefficient 
(J; Jaccard 1912) to calculate the percent similarity of the snake diversity detected among 
pairs of RPA. 
Species Richness (S)—I quantified species richness by counting the number of 
species detected at each RPA and site-wide, as well as for each timeframe (i.e., Season 1, 
Season 2, or both seasons). Species richness is still a commonly used estimate of 
diversity (e.g., Magurran 2013)—it is simple to understand and easy to calculate based on 
detections of species in the sampled area, although richness should not be relied on as a 
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sole estimator of diversity in situations where other indices are quantifiable (Wilsey et al. 
2005). 
Shannon Diversity (H)—This index of species diversity incorporates species 
richness and the relative abundances of species (i.e., evenness) to produce a value of 
uncertainty for the next individual detected and is sometimes called Shannon Entropy 
(Keylock 2005). The equation is as follows: 
H = −Σ(Pi(lnPi)) 
Here, Pi = the number of detections of species ‘i’ divided by the sum of detections 
of all species in the sample. Higher values of H indicate more uncertainty in predicting 
the species of the next individual that will be detected, and thus represent richer and more 
evenly distributed communities. The H metric is without limit, although values typically 
range from 1–3.5. A community with H = 0 has an associated S = 1 (one species = no 
uncertainty), whereas a community with H ≥ 3.5 (great degree of uncertainty) is 
comprised of many species that are equally distributed. After I calculated all H values, I 
calculated an estimate of the maximum H possible for each RPA locality, or in other 
words—all species are present and occur in equal distributions, denoted Hmax; the formula 
is as follows: 
Hmax = ln(S) 
Shannon Equitability (EH)—Shannon Equitability (EH) is calculated by using the 
following formula:  
EH = H/Hmax 
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The EH metric compares the H values I observed to each associated Hmax value. The EH 
metric ranges from 0–1, with a value of one indicating that the observed diversity is equal 
to the maximum possible diversity. 
Jaccard Similarity (J)—I used the Jaccard Similarity Coefficient (Jaccard 1912) to 
calculate the pairwise similarity of the snake diversity for every possible pairing of RPA. 
I applied this calculation separately to Season 1, Season 2, and to both seasons combined. 
The equation for J is as follows: 
JRPAx, RPAy = (|RPAx∩RPAy|÷|RPAx∪RPAy|)×(100) 
The Jaccard coefficient is interpreted as a percentage, and values closer to 100% indicate 
more similarity in H values among RPA pairs. 
Statistical Analyses 
Some of the measured habitat parameters are likely correlated in how they 
influence the habitat structure among RPA (and ultimately, the snake community 
diversity). As such, I used a principal components analysis (PCA; Pearson 1901) to 
identify combinations of parameters that accounted for the greatest variation in habitat 
structure among RPA and were independent of each other (Peres-Neto et al. 2006; Hall et 
al. 2009). A PCA that produces few principal components (PC) that explain high 
percentages of total variation amongst all variables is desirable (cf. Luiselli & Akani 
2002; Segura et al. 2007). The habitat parameters that I loaded into my PCA were the 
estimates of the six types of ground cover, along with basal area, canopy closure, 
understory foliage density, and the proximity to the nearest road. I selected two PC that 
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accounted for the highest percent variation in habitat structure (eigenvalues [λ] × 100) to 
use in other analyses, thereby reducing the dimensionality of habitat metrics five-fold 
(Table 2; Figs. 2 & 3). 
I used linear regressions to determine if the two PC that accounted for the greatest 
percent-variation in habitat structure were good predictors of snake species richness (S), 
diversity (H), and equitability (EH) among 20 RPA deployed in ANF during the 2016 
sampling period. I used stepwise multiple linear regression (MacNally 2002; 
Whittingham et al. 2006) to model the means of 10 habitat parameters that I measured at 
each RPA (data collected May–June 2016) as predictors of the metrics of snake diversity 
detected. I created models using all possible combinations of 10 habitat parameters and 
report the top 10 predictive models for each diversity metric (S, H, and EH; Bolker et al. 
2009). I also used stepwise multiple linear regressions to model the means of three, 
relatively static habitat parameters (again, measured in May–June 2016, but static such 
and appropriate for multi-season analyses) as predictors of snake diversity at each RPA 
during both sampling season. I generated models using all possible combinations of up to 
three habitat parameters and report the top five predictive models for each diversity 
metric (S, H, and EH). I then fitted bivariate regressions for each combination of diversity 
metrics and principal components for detections from Season 1, and the diversity metrics 
and top predictors (selected from stepwise regression analyses) for detections from 
Season 1 on its own, and from both Seasons 1 and 2. 
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I used two temporal variables (temperature [°C] & time [h]) that could influence 
snake activity, and that were recorded during every snake detection by RPA, to perform 
ordinal logistic fit analyses. I performed three separate analyses for each of the four 
families of snakes detected, as well as analyses for all families combined (i.e., all 
detections of snakes) for the duration of the study. Models were developed to determine 
statistical independence between actual data (detections) and null data (randomly 
generated) by assigning either detection (1) or non-detection (0) to a sample that included 
actual detections of snakes and null data that I randomly generated to match every 
detection (sample sizes are therefore doubled for temporal analyses). Random data were 
generated such that the dates on which null detections occurred, and the number of null 
detections per day, were identical to the actual dates when snakes were detected, and the 
number of detections for each date. For all null detections, random times were generated 
using the following Microsoft Excel function: 
f(x)=RANDBETWEEN 
The random times were constrained within the range of times when actual detections 
occurred. I used NOAA datasets recorded by the weather station (USC00417936: Sam 
Rayburn Dam, Jasper County, Texas; 31°03'39.1"N, 94°06'22.3"W) to identify the dry 
bulb temperature for each random point in time. Once the random data sets were 
populated, I combined each of them with the associated set of actual detections, thereby 
creating datasets suitable for ordinal modeling techniques. Statistical independence was 
determined using Chi-square tests. 
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The predictive powers of several models are gauged based on the relative values 
of Akaike’s Information Criterion (AICc, corrected for small sample sizes; Akaike 1973). 
AICc aids in model selection by evaluating the predictive power of candidate models and 
estimating the degree of parsimony therein (Anderson & Burnham 2002; Brewer et al. 
2016). In addition to prior use with amphibian and reptile systems (e.g., Mazerolle 2004, 
2006), using an information-theoretic approach provides a balance between complexity 
and simplicity, while also maximizing the predictive power of models (Richards 2008; 
Arnold 2010; Hegyi & Garamszegi 2011; Aho et al. 2014;). Smaller AICc values are 
indicative of the better-fitting models, and the ranges of AICc values can vary greatly 
between analyses, so I interpreted AICc, ∆AICc, and ωi values within groups of models 
produced by the same analyses, and not among those produced by different analyses. 
I used the JMP® v10.0.2 software package (SAS Institute Inc., Cary, North 
Carolina) for all statistical analyses. Where appropriate, the threshold probability for 
rejecting the null hypothesis was set at α = 0.05. Unless otherwise stated, all values are 




















Figure 1. Schematic view of a remote photography array deployed in the Angelina 
National Forest (Angelina and Jasper counties, Texas) from February 2016–October 
2017. Wildlife game cameras (black box with arrow) photographed the 1–m2 area 
represented by the gray square every 30 sec, capturing images of snakes that were guided 
to that point by navigating along the fences (broad shaded arrows).
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Table 1. Habitat parameters recorded at each of 20 remote photography arrays (RPA) in May–June 2016 in the Angelina 
National Forest (Angelina and Jasper counties, Texas). 
 
RPA (#) soil (%) herb (%) debris (%) grass (%) deciduous (%) litter (%) 
basal area 






1 0 32.3 7.3 13 15 32.5 8.3 31.3 0.02 39.6 
2 6.3 26.3 3.5 22 21.5 20.5 9.3 40.5 0.03 93.4 
3 1.5 12.5 16.3 36.8 21.5 21.5 9.8 26.9 0.02 92.3 
4 9.8 16.8 2.8 16 16.5 39 15.7 3.7 0.04 51.9 
5 3.8 16.8 3.5 22.5 3.3 50.3 15.3 29.4 0.03 61.2 
6 8.3 11 8.3 14.8 13.3 44.5 10.9 42.7 0.02 79.8 
7 1 2 4 13.8 15.5 73.8 20.5 23.3 0.02 47.8 
8 1.3 8.3 1.3 28.8 25.3 35.3 13.5 38.1 0.04 54.8 
9 12.3 18.3 4.3 18.3 12 35 4.5 58.2 0.03 64.2 
10 1.5 12.5 3.8 13.3 21.3 47.8 9.3 36.6 0.06 82.9 
11 0.8 10.3 9.8 27 21.3 31 10.8 36.2 0.02 66.2 
12 0.5 15.8 1.8 34.5 3 44.5 10.8 40.9 0.03 57.8 
13 3.3 3.8 11.8 31.3 10.3 39.3 9.1 29.3 0.01 58 
14 11.8 12.5 25.5 26.5 2 21.8 5.3 68.3 0.08 57.9 
15 0 12 3 28.5 9.3 47.3 9.7 27.1 0.05 60.1 
16 5.3 6.5 5.3 27.3 5 50.8 18.1 38.4 0.02 59.7 
17 10.3 3 2.5 32.5 2.3 49.5 5.9 44.7 0.02 45.2 
18 11.8 8.5 7 32 10 30.8 13.0 57.2 0.04 39.7 
19 15.5 2.3 2.5 14.8 21.8 43.3 6.4 45.5 0.02 38.4 
20 1.3 6.5 7.3 10.8 10.5 63.8 10.0 36.4 0.02 41.5 
site x̄ 5.3 11.9 6.6 23.2 13 41.1 10.8 37.7 0.03 59.6 
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Table 2. Output from a principal components analysis (PCA) of 10 habitat variables measured at each of 20 remote 
photography arrays (RPA) in May–June 2016 in the Angelina National Forest (ANF; Angelina and Jasper counties, Texas): (I) 
Principal components (PC) loading matrix showing the association of each of 10 habitat parameters with each of 10 PC; (II) 10 
PC listed in descending order by the percent variation accounted for (% variation) in a PCA of 10 habitat variables, and the 
sum of the variation of all PC (Σ variation). 
 
(I) habitat parameters PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 
soil (%) 0.459 -0.502 -0.436 -0.280 0.066 0.281 -0.183 0.365 -0.138 0.029 
herb (%) 0.266 0.621 -0.304 0.411 -0.501 0.004 -0.102 0.099 0.094 0.046 
debris (%) 0.642 -0.010 0.319 0.111 0.326 -0.524 -0.284 0.111 0.007 0.025 
grass (%) 0.350 -0.049 0.814 -0.232 -0.215 0.298 -0.025 -0.141 -0.030 0.046 
deciduous (%) -0.136 0.648 -0.347 -0.456 0.370 0.065 -0.108 -0.259 0.110 0.038 
litter (%) -0.798 -0.445 -0.039 0.180 0.128 -0.143 0.294 0.021 -0.040 0.074 
basal area (m2/ha) -0.717 0.060 0.301 0.196 0.225 0.265 -0.262 0.280 0.291 -0.005 
closure (%) 0.724 -0.444 -0.126 -0.059 0.012 0.000 0.276 -0.033 0.427 0.003 
foliage (KRPA) 0.514 -0.016 -0.071 0.618 0.418 0.342 0.029 -0.214 -0.105 0.003 
proximity to nearest road (m) 0.276 0.705 0.206 -0.083 0.216 0.045 0.435 0.366 -0.067 -0.003 
(II)                 PC # % variation (λ×100) Σ variation 
1 28.5 28.5 
2 19.6 48.1 
3 13.2 61.3 
4 9.8 71.1 
5 8.3 79.5 
6 6.6 86.0 
7 5.6 91.6 
8 5.0 96.6 
9 3.3 99.9 









The deployment of all 20 RPA recorded nearly 16 million photographs over a 
combined total of 5,468 sampling days (i.e., the amount of time all cameras were 
powered on). During the sampling period, I detected 1,094 individual snakes with a 
detection rate of one snake every five days among all RPA (Appendix III). I detected 19 
species of snakes, representing four families (Appendix IV). From the 636 detections in 
2016, I recorded 18 of 19 species and three out of four families. In 2017, I detected 14 of 
19 species and all four families from 458 detections during that period (Table 3). 
Individual cameras detected between 29 and 99 snakes, accounting for 2.65–9.05% of the 
total detections (Table 4). 
I observed or captured five additional species of snakes within the study site that 
were not detected by RPA, and therefore excluded from any analyses—Cottonmouths 
(Agkistrodon piscivorus), Glossy Snakes (Arizona elegans), Rough Earthsnakes (Haldea 
striatula), Diamond-backed Watersnakes (Nerodia rhombifer), and Smooth Earthsnakes 
(Virginia valeriae). 
In both Seasons, Eastern Coachwhips (Coluber flagellum) were the most 
frequently detected species (n = 428 detections) and accounted for 39.12% of all 
detections. Southern Copperheads (Agkistrodon contortrix) and Texas Coralsnakes 
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(Micrurus tener) were the second, and third most frequently detected species, 
respectively. Individual A. contortrix were photographed 190 times, accounting for 
17.37% of all detections, while M. tener were recorded 174 times, accounting for 15.90% 
of all detections. Eastern Hog-nosed Snakes (Heterodon platirhinos), Western 
Milksnakes (Lampropeltis gentilis), Prairie Kingsnakes (L. calligaster), Red-bellied 
Snakes (Storeria occipitomaculata), and Timber Rattlesnakes (Crotalus horridus) were 
exclusive to the detections made in Season 1. Texas Threadsnakes (Rena dulcis) were 
exclusive to the detections made in Season 2 (Table 4). 
Species Diversity 
The snake community in ANF exhibits a high species richness (S), although S 
varied among RPA (Table 5). I detected species richness values of S2016 = 18, S2017 = 14, 
and Stotal = 19. Intraseasonal values of S across all RPA ranged from 4–10 species, 
whereas interseasonal RPA-specific S ranged from 6–13 species. Species richness values 
were virtually identical when comparing the grouping of 11 RPA sited north of Texas 
State Highway 63 (SH 63) to the grouping of 9 RPA sited south of SH 63 (Table 6). 
Site-wide and RPA-specific measures of Shannon Diversity (H) varied within and 
among Seasons (Table 7). The lowest value of HRPA = 0.82 (Hmax = 1.39) and the highest 
value of HRPA = 2.15 (Hmax = 2.30) were both recorded in 2016. The site-wide H peaked 
after Season 2—H2017 = 1.97 (Hmax = 2.64)—but was similar to the same metric after 
Season 1 (H2016 = 1.86; Hmax = 2.89). The total measure of Shannon diversity 
incorporated data from both seasons and was Htotal = 1.95 (Hmax = 2.94). At the end of the 
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study, site-wide EH = 0.66, with the values for 2016 and 2017 equaling 0.64 and 0.74, 
respectively. RPA-specific EH ranged from 0.52–0.94 (Table 8). 
The interseasonal Jaccard Similarity Index was J2016,2017 = 68.42 %. I created a 
similarity matrix for the pairwise comparisons of the snake diversity detected at each 
RPA (Appendix V). I set two thresholds for the most similar, and dissimilar pairs of 
traps; J ≥ 70% for similar pairs, and J ≤ 30% for dissimilar pairs (community similarity 
thresholds are reviewed in Pianka 1973; Relox et al. 2011). There were 13 similar pairs 
of RPA, and 9 dissimilar pairs (Table 9). The highest percent similarity among metrics of 
snake diversity occurred between RPA 6 and 12 and was J6,12 = 90% (Table 9). These 
sites were located 5.08 km apart from each another, and on opposite sides of SH 63. The 
most dissimilar pairing was that of RPA 14 and 15 and was J14,15 = 21%. These sites were 
separated by 0.78 km and were both south of SH 63. 
Principal Components Analysis 
Principal components one (PC1) and two (PC2) accounted for 28.50% and 
19.58% of total variation, respectively, or 48.08% of the total variance explained by the 
10 habitat parameters included in the analyses (Table 2; Fig. 2). I used these two 
components to generate a loading plot (Fig. 2) that displayed the coefficients of linear 
relationships between pairs of habitat variables (i.e., r; correlation coefficient), their 
association with PC1 (x-axis) and PC2 (y-axis), and the degree of that association 
(inherent as the length of the vector). For each PC, habitat parameters were assigned a 
percent value (± association with PC) that, when totaled, equaled 1.0. The habitat 
30 
parameters that most influenced PC1 were: closure (%) = +0.72; litter (%) = -0.80. The 
habitat parameters that most influenced PC2 were: proximity to nearest road (m) = +0.71; 
soil (%) = -0.50. Overall, there was not any discernable pattern in the habitat structure 
associated with any groupings of RPA. 
Stepwise Multiple Linear Regressions 
The first set of regression models incorporated up to 10 of the habitat variables 
that I measured from May–June 2016. The top models were relatively poor fits for the 
data (low adjusted R2 values), were not complex (k = 1 or 2), and did not have much 
predictive power. The relative AICc values among top models, the ΔAICc values, and the 
ωi between the top two candidate models were low, but should not be interpreted 
independently from other statistical results (i.e., R2; Table 10). The same held true for 
subsequent models that used up to 2 PC derived from 10 habitat parameters, or that used 
up to 3 habitat parameters that were appropriate for analyses over both Seasons (Table 
10). 
Bivariate Linear Regression 
I fitted PC1 and PC2 separately as predictor variables for bivariate linear 
regressions for species richness (S 2016; Fig. 4), Shannon diversity (H 2016; Fig. 5), and 
Shannon equitability (EH 2016; Fig. 6) as calculated for all 20 RPA during Season 1. I 
repeated this process, changing only the predictor variable from among 10 habitat 
parameters measured in May–June 2016 (Figs. 4–6). I repeated this process again, 
changing the predictor variable from among the three relatively static habitat parameters 
31 
that were appropriate for comparisons across both sampling seasons (Figs. 4–6). None of 
these analyses yielded statistically significant results. Furthermore, all models were 
relatively poor fits for the data, as adjusted R2 values were small for the top predictor 
variables (Table 11). 
Ordinal Logistic Fit Models 
Several temporal models show statistical independence between the actual snake 
detections and the randomly generated data for Chi-square tests using either temperature, 
time, or both variables (Table 12). So, I generated receiver operating characteristic 
(ROC) plots for each dataset to reflect the rate of true positives as the y-axes (sensitivity) 
and the rate of false positives as the x-axes (specificity; Figs. 7–11). The area between the 
ROC curve and the intercept can be interpreted as a metric of the associated model’s 
performance, or quality (area ROC plot; Table 12). The two-variable model slightly 
outperformed the other two models (temperature, time) in correctly classifying true 
positives for all groups except viperid snakes, for which the temperature model was the 
most accurate. The true positive areas for the 2-variable models were: colubrid snakes = 
0.782; elapid snakes = 0.698; leptotyphlopid snakes = 0.587; and all snakes = 0.726. The 
true positive area for the temperature model for viperid snakes was 0.815.
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Table 3. Number and percentage of snake detections accounted for at each of 20 remote photography arrays (RPA) in the 
Angelina National Forest (Angelina and Jasper counties, Texas) from February 2016–October 2017. 
  
2016 2017 Both years 
RPA # n detections % of total n detections % of total N % of total 
1 20 3.14 9 1.97 29 2.65 
2 26 4.09 29 6.33 55 5.03 
3 35 5.50 36 7.86 71 6.49 
4 16 2.52 22 4.80 38 3.47 
5 28 4.40 29 6.33 57 5.21 
6 49 7.70 25 5.46 74 6.76 
7 40 6.29 45 9.83 85 7.77 
8 21 3.30 13 2.84 34 3.11 
9 51 8.02 26 5.68 77 7.04 
10 14 2.20 15 3.28 29 2.65 
11 26 4.09 10 2.18 36 3.29 
12 28 4.40 26 5.68 54 4.94 
13 62 9.75 37 8.08 99 9.05 
14 48 7.55 15 3.28 63 5.76 
15 15 2.36 16 3.49 31 2.83 
16 42 6.60 20 4.37 62 5.67 
17 41 6.45 19 4.15 60 5.48 
18 31 4.87 25 5.46 56 5.12 
19 17 2.67 23 5.02 40 3.66 
20 26 4.09 18 3.93 44 4.02 
Σ 636  458  1094  
33 
Table 4. Number and percentage of detections accounted for by each snake species detected among 20 remote photography 
arrays in the Angelina National Forest (Angelina and Jasper counties, Texas) from February 2016–October 2017. 
 
 2016 2017 Both years 
Species n detections % of total n detections % of total N % of total 
Agkistrodon contortrix 99 15.57 91 19.87 190 17.37 
Cemophora coccinea 5 0.79 14 3.06 19 1.74 
Coluber constrictor 35 5.50 12 2.62 47 4.30 
Coluber flagellum 275 43.24 153 33.41 428 39.12 
Crotalus horridus 2 0.31 0 0 2 0.18 
Diadophis punctatus 3 0.47 4 0.87 7 0.64 
Heterodon platirhinos 16 2.52 0 0 16 1.46 
Lampropeltis calligaster 2 0.31 0 0 2 0.18 
Lampropeltis gentilis 4 0.63 0 0 4 0.37 
Micrurus tener 105 16.51 69 15.07 174 15.90 
Nerodia fasciata 1 0.16 1 0.22 2 0.18 
Opheodrys aestivus 2 0.31 1 0.22 3 0.27 
Pantherophis obsoletus 12 1.89 7 1.53 19 1.74 
Pantherophis slowinskii 14 2.20 24 5.24 38 3.47 
Rena dulcis 0 0 11 2.40 11 1.01 
Storeria dekayi 9 1.42 11 2.40 20 1.83 
Storeria occipitomaculata 6 0.94 0 0 6 0.55 
Tantilla gracilis 14 2.20 10 2.18 24 2.19 
Thamnophis proximus 32 5.03 50 10.92 82 7.50 
Σ 636  458  1094  
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Table 5. Species richness (S) for snake detections at each of 20 remote photography 
arrays (RPA; α diversity), and the site-wide snake community richness (γ diversity) in the 
Angelina National Forest (Angelina and Jasper counties, Texas) from February 2016–
October 2017. 
 
RPA S2016 S2017 Stotal 
1 8 6 9 
2 5 7 8 
3 10 7 11 
4 4 5 6 
5 9 8 12 
6 7 6 9 
7 10 10 13 
8 4 6 8 
9 5 7 9 
10 8 5 8 
11 8 9 11 
12 8 8 10 
13 5 8 9 
14 9 6 10 
15 4 6 7 
16 8 6 10 
17 5 5 7 
18 7 5 9 
19 10 5 11 
20 7 4 7 
site-wide 18 14 19 
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Table 6. Richness (S; α diversity) of the snake species detected at each of 9 remote 
photography arrays (RPA) north (upper grouping), and 11 RPA south (lower grouping), 
of Texas State Highway 63 (SH 63) in the Angelina National Forest (Angelina and Jasper 
counties, Texas) from February 2016–October 2017. 
 
North of SH 63 
RPA S2016 S2017 Stotal Sx̄ 
1 8 6 9 7 
2 5 7 8 6 
8 4 6 8 5 
9 5 7 9 6 
10 8 5 8 6 
11 8 9 11 8 
12 8 8 10 8 
19 10 5 11 7 
20 7 4 7 5 
north x̄ 7 6 9 6 
 
South of SH 63 
RPA S2016 S2017 Stotal Sx̄ 
3 10 7 11 8 
4 4 5 6 4 
5 9 8 12 8 
6 7 6 9 6 
7 10 10 13 10 
13 5 8 9 6 
14 9 6 10 7 
15 4 6 7 5 
16 8 6 10 7 
17 5 5 7 5 
18 7 5 9 6 
south x̄ 7 6 9 6 
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Table 7. Shannon Diversity (H; α diversity) and maximum possible diversity (Hmax) for snake detections occurring in each of 
two years at 20 remote photography arrays (RPA), and the site-wide snake community diversity (γ diversity) in the Angelina 
National Forest (Angelina and Jasper counties, Texas) from February 2016–October 2017. 
 
RPA H2016 H2017 Htotal Hmax2016 Hmax2017 Hmaxtotal 
1 1.88 1.68 1.9 2.08 1.79 2.2 
2 1.02 1.5 1.43 1.61 1.95 2.08 
3 1.99 1.53 1.87 2.3 1.95 2.4 
4 0.82 1.36 1.29 1.39 1.61 1.79 
5 1.75 1.59 1.78 2.2 2.08 2.48 
6 1.34 1.43 1.48 1.95 1.79 2.2 
7 2 2.01 2.12 2.3 2.3 2.56 
8 0.85 1.63 1.57 1.39 1.79 2.08 
9 0.93 1.41 1.21 1.61 1.95 2.2 
10 1.95 1.49 1.88 2.08 1.61 2.08 
11 1.71 1.93 2.03 2.08 2.2 2.4 
12 1.68 1.84 1.91 2.08 2.08 2.3 
13 1 1.51 1.26 1.61 2.08 2.2 
14 1.53 1.55 1.66 2.2 1.79 2.3 
15 1.08 1.59 1.55 1.39 1.79 1.95 
16 1.5 1.4 1.58 2.08 1.79 2.3 
17 0.84 1.32 1.12 1.61 1.61 1.95 
18 1.61 1.02 1.56 1.95 1.61 2.2 
19 2.15 0.97 1.71 2.3 1.61 2.4 
20 1.42 1.24 1.58 1.95 1.39 1.95 
site-wide 1.86 1.97 1.95 2.89 2.64 2.94 
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Table 8. Shannon Equitability (EH; α diversity) for snake detections occurring in each of 
two years at 20 remote photography arrays (RPA), and the site-wide snake community 
equitability (γ diversity) in the Angelina National Forest (Angelina and Jasper counties, 
Texas) from February 2016–October 2017. 
 
RPA EH2016 EH2017 EHtotal 
1 0.9 0.94 0.86 
2 0.64 0.77 0.69 
3 0.87 0.79 0.78 
4 0.59 0.85 0.72 
5 0.8 0.76 0.72 
6 0.69 0.8 0.67 
7 0.87 0.87 0.83 
8 0.61 0.91 0.76 
9 0.58 0.72 0.55 
10 0.94 0.93 0.9 
11 0.82 0.88 0.85 
12 0.81 0.88 0.83 
13 0.62 0.73 0.57 
14 0.7 0.87 0.72 
15 0.78 0.89 0.8 
16 0.72 0.78 0.69 
17 0.52 0.82 0.57 
18 0.83 0.63 0.71 
19 0.93 0.6 0.71 
20 0.73 0.9 0.81 
site-wide 0.64 0.74 0.66 
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Table 9. Jaccard Similarity percentages (J) for pairs of remote photography arrays (RPA) 
that detected similar (upper grouping) and dissimilar (lower grouping) metrics of snake 
diversity in the Angelina National Forest (Angelina and Jasper counties, Texas) from 
February 2016–October 2017, the straight-line distance (km) between the RPA, and if the 
separation distance included crossing Texas State Highway 63 (SH 63). 
 
Similar diversity (≥ 70%) 
RPAx, RPAy J(%) Distance (km) Intersected by SH 63? 
6, 12 90 5.08 yes 
3, 6 82 0.55 no 
7, 16 77 3.78 yes 
3, 12 75 4.53 yes 
5, 13 75 1.09 no 
11, 12 75 0.35 no 
12, 18 73 8.88 yes 
8, 19 73 1.42 no 
2, 13 70 8.06 yes 
1, 13 70 7.89 yes 
10, 13 70 5.81 yes 
6, 10 70 4.58 yes 
8, 9 70 0.24 no 
 
 
Dissimilar diversity (≤ 30%) 
RPAx, RPAy J(%) Distance (km) Intersected by SH 63? 
14, 15 21 0.78 no 
4, 14 23 1.52 no 
7, 18 24 4.02 no 
4, 18 25 3.73 no 
15, 17 27 2.22 no 
15, 20 27 6.67 yes 
3, 17 29 3.86 no 
15, 19 29 6.62 yes 
8, 16 29 7.69 yes 
39 
 
Figure 2. Loading plot from a principal components analysis of 10 habitat variables 
measured at 20 remote photography arrays (RPA) in May–June 2016 in the Angelina 
National Forest (ANF; Angelina and Jasper counties, Texas). Principal component one 
(PC1) expresses 28.5% of the variation, and PC2 expresses 19.6% of the variation among 
the habitat structure at each locality. The habitat variables (hollow diamonds) are plotted 




Figure 3. Score plot from a principal components analysis of 10 habitat variables 
measured at 20 remote photography arrays (RPA) in May–June 2016 in the Angelina 
National Forest (ANF; Angelina and Jasper counties, Texas). Principal component one 
PC1 expresses 28.5% of the variation, and PC2 expresses 19.6% of the variation among 
the habitat structure at each locality. Plotted are all 20 RPA (numerically labeled 
diamonds) in ANF plotted against two PCs for habitat parameters. See Appendices I and 
II for a geographic representation and coordinates of the location of each RPA.
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Figure 4. Fitted bivariate linear regressions (solid lines) displaying snake species richness 
(S) as a function of four separate habitat parameters (x-axes). Clockwise from upper left: 
principal components one and two (each derived from 10 habitat parameters measured in 
May–June 2016; PC1, PC2), the top predictor in 2016 (debris [%]), and the top predictor 
in both 2016 and 2017 (basal area [m2/ha]) among 20 remote photography arrays 
(numerically labelled diamonds) in the Angelina National Forest (Angelina and Jasper 
counties, Texas) from February 2016–December 2016 (y-axes = S 2016), or from 
February 2016–October 2017 (y-axis = S). Dashed lines represent 95% confidence of fit.
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Figure 5. Fitted bivariate linear regressions (solid lines) displaying snake species 
diversity (H) as a function of four separate habitat parameters (x-axes). Clockwise from 
upper left: principal components one and two (each derived from 10 habitat parameters 
measured in May–June 2016; PC1, PC2), the top predictor in 2016 (debris [%]), and the 
top predictor in both 2016 and 2017 (basal area [m2/ha]) among 20 remote photography 
arrays (numerically labelled diamonds) in the Angelina National Forest (Angelina and 
Jasper counties, Texas) from February 2016–December 2016 (y-axes = H 2016), or from 
February 2016–October 2017 (y-axis = H). Dashed lines represent 95% confidence of fit.
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Figure 6. Fitted bivariate linear regressions (solid lines) displaying snake species 
equitability (EH) as a function of four separate habitat parameters (x-axes). Clockwise 
from upper left: principal components one and two (each derived from 10 habitat 
parameters measured in May–June 2016; PC1, PC2), the top predictor in 2016 (soil [%]), 
and the top predictor in both 2016 and 2017 (closure [%]) among 20 remote photography 
arrays (numerically labelled diamonds) in the Angelina National Forest (Angelina and 
Jasper counties, Texas) from February 2016–December 2016 (y-axes = EH 2016), or from 
February 2016–October 2017 (y-axis = EH). Dashed lines represent 95% confidence of 
fit.
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Table 10. Top stepwise multiple linear regression model out of all possible models that use up to two principal 
components (shaded; upper section), top 10 models that use up to 10 habitat parameters (upper section), and the top 
five models that use up to three habitat parameters (lower section) to predict snake species richness (S), diversity (H), 
and equitability (EH) among 20 remote photography arrays in the Angelina National Forest (Angelina and Jasper 
counties, Texas) from February 2016–December 2016 (upper section), or from February 2016–October 2017 (lower 
section). 
S (2016) model k R2 adjusted R2 AICc ΔAICc ωi 
Principal Components PC2 1 0.012 -0.043 92.467 n/a n/a 
Habitat Parameters debris (%) 1 0.127 0.078 90.002 0 0.038 
  debris (%), litter (%) 2 0.240 0.151 90.376 0.374 0.045 
 debris (%), basal area (m2/ha) 2 0.195 0.100 91.550 1.548 0.082 
 debris (%), grass (%), 2 0.172 0.075 92.100 2.098 0.108 
 basal area (m2/ha) 1 0.20 -0.035 92.305 2.303 0.119 
 debris (%), foliage (KRPA) 2 0.163 0.065 92.306 2.304 0.119 
 closure (%) 1 0.019 -0.036 92.324 2.322 0.120 
 litter (%) 1 0.018 -0.037 92.345 2.344 0.122 
 herb (%) 1 0.016 -0.038 92.376 2.375 0.124 
 grass (%) 1 0.016 -0.038 92.379 2.378 0.124 
H (2016) model k R2 adjusted R2 AICc ΔAICc ωi 
Principal Components PC1 1 0.006 -0.049 30.389 n/a n/a 
Habitat Parameters debris (%) 1 0.038 -0.015 29.736 0 0.080 
  grass (%) 1 0.038 -0.016 29.741 0.004 0.080 
 soil (%) 1 0.032 -0.022 29.862 0.125 0.085 
 litter (%) 1 0.020 -0.035 30.113 0.377 0.097 
 basal area (m2/ha) 1 0.020 -0.035 30.119 0.383 0.097 
 deciduous (%) 1 0.020 -0.035 30.120 0.383 0.097 
 foliage (KRPA) 1 0.003 -0.052 30.449 0.713 0.114 
 herb (%) 1 0.002 -0.054 30.478 0.741 0.116 
 closure (%) 1 0.001 -0.054 30.488 0.752 0.117 
 proximity to nearest road (m) 1 0.001 -0.055 30.499 0.762 0.117 
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EH (2016) model k R
2 adjusted R2 AICc ΔAICc ωi 
Principal Components PC2 1 0.040 -0.014 -20.452 n/a n/a 
Habitat Parameters soil (%) 1 0.097 0.047 -21.693 0 0.045 
  deciduous (%) 1 0.064 0.012 -20.958 0.735 0.064 
 grass (%) 1 0.042 -0.012 -20.492 1.201 0.081 
 basal area (m2/ha) 1 0.021 -0.034 -20.067 1.626 0.101 
 litter (%) 1 0.016 -0.039 -19.958 1.735 0.106 
 closure (%) 1 0.006 -0.049 -19.770 1.923 0.117 
 soil (%), grass (%) 2 0.149 0.049 -19.715 1.978 0.120 
 debris (%) 1 0.003 -0.053 -19.698 1.995 0.121 
 herb (%) 1 0.002 -0.053 -19.689 2.004 0.122 
 foliage (KRPA) 1 0.001 -0.055 -19.664 2.029 0.123 
S (2016 & 2017) model k R2 adjusted R2 AICc ΔAICc ωi 
Habitat Parameters basal area (m2/ha) 1 0.085 0.035 85.481 0 0.086 
 basal area (m2/ha), closure (%) 2 0.190 0.095 86.216 0.735 0.124 
 closure (%) 1 0.012 -0.043 87.029 1.548 0.186 
 proximity to nearest road (m) 1 0.002 -0.054 87.230 1.749 0.206 
 basal area (m2/ha), proximity to 
nearest road (m) 
2 0.090 -0.017 88.547 3.066 0.398 
H (2016 & 2017) model k R2 adjusted R2 AICc ΔAICc ωi 
Habitat Parameters basal area (m2/ha) 1 0.113 0.064 9.670 0 0.062  
closure (%) 1 0.020 -0.035 11.673 2.004 0.168 
 proximity to nearest road (m) 1 0.003 -0.053 12.024 2.355 0.200 
 basal area (m2/ha), proximity to 
nearest road (m) 
2 0.120 0.016 12.697 3.027 0.280 
 basal area (m2/ha), closure (%) 2 0.116 0.012 12.773 3.104 0.291 
EH (2016 & 2017) model k R
2 adjusted R2 AICc ΔAICc ωi 
Habitat Parameters closure (%) 1 0.095 0.045 -31.353 0 0.073  
basal area (m2/ha) 1 0.081 0.030 -31.045 0.308 0.085 
 proximity to nearest road (m) 1 0.001 -0.055 -29.377 1.976 0.197 
 basal area (m2/ha), closure (%) 2 0.114 0.010 -28.608 2.745 0.289 
 closure (%), proximity to 
nearest road (m) 
2 0.095 -0.011 -28.191 3.163 0.356 
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Table 11. Fit details, analyses of variance, and parameters estimates for bivariate fitted 
linear regression models that use each of two principal components (section I), the top 
models out of all possible models that use up to 10 habitat parameters (section II), and the 
top models out of all possible models that use up to three habitat parameters (section III) 
to predict snake species richness (S), diversity (H), and equitability (EH) among 20 
remote photography arrays in the Angelina National Forest (Angelina and Jasper 
counties, Texas) from February 2016–December 2016 (sections I and II), or from 
February 2016–October 2017 (section III). 
 
(I) x y R2 adjusted R2 
PC1 S <0.001 -0.055 
PC2 S 0.012 -0.043 
PC1 H 0.006 -0.049 
PC2 H 0.002 -0.053 
PC1 EH 0.024 -0.030 
PC2 EH 0.040 -0.014 
x y F-ratio p-value 
PC1 S 0.01 0.93 
PC2 S 0.22 0.65 
PC1 H 0.11 0.74 
PC2 H 0.04 0.84 
PC1 EH 0.44 0.51 
PC2 EH 0.74 0.40 
k estimate t-ratio p-value 
Intercept (S) 6.999 9.28 <0.01 
PC1 0.033 0.09 0.93 
Intercept (S) 7.089 14.64 <0.01 
PC2 -0.168 -0.47 0.65 
Intercept (H) 1.493 9.40 <0.01 
PC1 -0.026 -0.33 0.74 
Intercept (H) 1.449 14.09 <0.01 
PC2 0.015 0.20 0.84 
Intercept (EH) 0.771 17.15 <0.01 
PC1 -0.015 -0.67 0.51 
Intercept (EH) 0.743 25.82 <0.01 
PC2 0.018 0.86 0.40 
(II) x y R2 adjusted R2 
debris (%) S 0.127 0.078 
debris (%) H 0.038 -0.015 
soil (%) EH 0.097 0.047 
x y F-ratio p-value 
debris (%) S 2.61 0.12 
debris (%) H 0.71 0.41 
soil (%) EH 1.94 0.18 
k estimate t-ratio p-value 
Intercept (S) 6.211 9.05 <0.01 
debris (%) 0.128 1.61 0.12 
Intercept (H) 1.355 8.91 <0.01 
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debris (%) 0.015 0.84 0.41 
Intercept (EH) 0.789 19.42 <0.01 
soil (%) -0.008 -1.39 0.18 
(III) x y R2 adjusted R2 
basal area (m2/ha) S 0.086 0.035 
basal area (m2/ha) H 0.113 0.064 
closure (%) EH 0.095 0.045 
x y F-ratio p-value 
basal area (m2/ha) S 1.68 0.21 
basal area (m2/ha) H 2.30 0.15 
closure (%) EH 1.89 0.19 
k estimate t-ratio p-value 
Intercept 7.824 6.90 <0.01 
basal area (m2/ha) 0.127 1.30 0.21 
Intercept 1.383 8.12 <0.01 
basal area (m2/ha) 0.022 1.52 0.15 
Intercept 0.820 12.82 <0.01 
closure (%) -0.002 -1.37 0.19 
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Table 12. Ordinal Logistic Fit Model details (including whole model tests, lack of fit 
[multiparameter tests only], parameter estimates, and receiver operating characteristic 
[ROC] curves) for models that use temperature (°C), time (h), or both temperature and 
time to predict the occurrence of snakes in the families Colubridae (section I), Elapidae 
(section II), Leptotyphlopidae (section III), and Viperidae (section IV), as well as all 
snake families combined (section V) detected by 20 remote photography arrays in the 
Angelina National Forest (Angelina and Jasper counties, Texas) from February 2016–
October 2017. Shaded rows are used to separate details for individual models. 
 
(I) Temperature (°C) model -Loglikelihood χ2 p-value 
difference 200.51 401.03 <0.01 
full 793.46   
reduced 993.97   
R2 uncertainty 0.202   
AICc 1590.927   
N 1434   
measure training   
entropy R2 0.2017   
generalized R2 0.3253   
x̄ -log prob. 0.5533   
misclassification rate 0.3082   
N 1434   
term estimate χ2 p-value 
Intercept[0] 5.890 254.13 <0.01 
temperature (°C) -0.212 263.07 <0.01 
colubrid/random (1/0) area ROC plot   
0 0.219   
1 0.781   
Time (h) model -Loglikelihood χ2 p-value 
difference 19.191 38.38 <0.01 
full 974.78   
reduced 993.97   
R2 uncertainty 0.019   
AICc 1953.572   
N 1434   
measure training   
entropy R2 0.019   
generalized R2 0.035   
x̄ -log prob. 0.680   
misclassification rate 0.450   
N 1434   
term estimate χ2 p-value 
Intercept[0] 0.818 31.86 <0.01 
time (h) <0.001 37.03 <0.01 
colubrid/random (1/0) area ROC plot   
0 0.432   
1 0.568   
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Temperature (°C) & Time (h) model -Loglikelihood χ2 p-value 
difference 202.43 404.85 <0.01 
full 791.55   
reduced 993.97   
R2 uncertainty 0.204   
AICc 1589.113   
N 1434   
measure training   
entropy R2 0.204   
generalized R2 0.328   
x̄ -log prob. 0.552   
misclassification rate 0.308   
N 1434   
source df χ2 p-value 
lack of fit 1419 1583 <0.01 
saturated 1421   
fitted 2   
term estimate χ2 p-value 
Intercept[0] 6.095 246.87 <0.01 
time (h) <0.001 3.80 0.05 
temperature (°C) -0.210 248.56 <0.01 
source k likelihood ratio χ2 p-value 
time (h) 1 3.82 0.05 
temperature (°C) 1 366.47 <0.01 
colubrid/random (1/0) area ROC plot   
0 0.218   
1 0.782   
(II) Temperature (°C) model -Loglikelihood χ2 p-value 
difference 3.45 6.90 <0.01 
full 237.76     
reduced 241.22     
R2 uncertainty 0.014     
AICc 479.561     
N 348     
measure training   
entropy R2 0.014     
generalized R2 0.026     
x̄ -log prob. 0.683     
misclassification rate 0.422     
N 348     
term estimate χ2 p-value 
Intercept[0] 1.853 6.50 <0.01 
temperature (°C) -0.075 6.65 <0.01 
elapid/random (1/0) area ROC plot   
0 0.420     
1 0.580     
Time (h) model -Loglikelihood χ2 p-value 
difference 18.66 37.32 <0.01 
full 222.55     
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reduced 241.22     
R2 uncertainty 0.077     
AICc 449.143     
N 348     
measure training   
entropy R2 0.077     
generalized R2 0.136     
x̄ -log prob. 0.640     
misclassification rate 0.376     
N 348     
term estimate χ2 p-value 
Intercept[0] 1.531 28.16 <0.01 
time (h) <0.001 33.82 <0.01 
elapid/random (1/0) area ROC plot   
0 0.313     
1 0.687     
Temperature (°C) & Time (h) model -Loglikelihood χ2 p-value 
difference 19.19 38.38 <0.01 
full 222.03     
reduced 241.22     
R2 uncertainty 0.080     
AICc 450.123     
N 348     
measure training   
entropy R2 0.080     
generalized R2 0.139     
x̄ -log prob. 0.638     
misclassification rate 0.411     
N 348     
source df χ2 p-value 
lack of fit 343 444.05 <0.01 
saturated 345     
fitted 2     
term estimate χ2 p-value 
Intercept[0] 2.254 8.61 <0.01 
time (h) <0.001 29.03 <0.01 
temperature (°C) -0.032 1.05 0.31 
source k likelihood ratio χ2 p-value 
time (h) 1 31.47 <0.01 
temperature (°C) 1 1.06 0.30 
elapid/random (1/0) area ROC plot   
0 0.302     
1 0.698     
(III) Temperature (°C) model -Loglikelihood χ2 p-value 
difference 0.23 0.46 0.50 
full 15.02     
reduced 15.25     
R2 uncertainty 0.015     
AICc 34.668     
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N 22     
measure training   
entropy R2 0.015     
generalized R2 0.028     
x̄ -log prob. 0.684     
misclassification rate 0.409     
N 22     
term estimate χ2 p-value 
Intercept[0] -1.230 0.43 0.51 
temperature (°C) 0.060 0.45 0.50 
leptotyphlopid/random (1/0) area ROC plot   
0 0.422     
1 0.579     
Time (h) model -Loglikelihood χ2 p-value 
difference <0.01 0.01 0.90 
full 15.24     
reduced 15.25     
R2 uncertainty <0.001     
AICc 35.115     
N 22     
measure training   
entropy R2 <0.001     
generalized R2 <0.001     
x̄ -log prob. 0.693     
misclassification rate 0.500     
N 22     
term estimate χ2 p-value 
Intercept[0] -0.136 0.01 0.91 
time (h) <0.001 0.01 0.90 
leptotyphlopid/random (1/0) area ROC plot   
0 0.496     
1 0.504     
Temperature (°C) & Time (h) model -Loglikelihood χ2 p-value 
difference 0.24 0.48 0.79 
full 15.01     
reduced 15.25     
R2 uncertainty 0.0156     
AICc 37.3548     
N 22     
measure training   
entropy R2 0.016     
generalized R2 0.029     
x̄ -log prob. 0.682     
misclassification rate 0.455     
N 22     
source df χ2 p-value 
lack of fit 19 30.02 0.05 
saturated 21     
fitted 2     
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term estimate χ2 p-value 
Intercept[0] -1.364 0.39 0.53 
time (h) <0.001 0.01 0.90 
temperature (°C) 0.060 0.45 0.50 
source k likelihood ratio χ2 p-value 
time (h) 1 0.01 0.90 
temperature (°C) 1 0.46 0.50 
leptotyphlopid/random (1/0) area ROC plot   
0 0.413     
1 0.587     
(IV) Temperature (°C) model -Loglikelihood χ2 p-value 
difference 0.03 0.07 0.80 
full 266.13     
reduced 266.17     
R2 uncertainty <0.001     
AICc 536.301     
N 384     
measure training   
entropy R2 <0.001     
generalized R2 <0.001     
x̄ -log prob. 0.693     
misclassification rate 0.513     
N 384     
term estimate χ2 p-value 
Intercept[0] -0.176 0.07 0.80 
temperature (°C) 0.007 0.07 0.80 
viperid/random (1/0) area ROC plot   
0 0.479     
1 0.521     
Time (h) model -Loglikelihood χ2 p-value 
difference 49.04 98.08 <0.01 
full 217.13     
reduced 266.17     
R2 uncertainty 0.184     
AICc 438.293     
N 384     
measure training   
entropy R2 0.184     
generalized R2 0.301     
x̄ -log prob. 0.565     
misclassification rate 0.232     
N 384     
term estimate χ2 p-value 
Intercept[0] 2.742 55.36 <0.01 
time (h) <0.001 69.13 <0.01 
viperid/random (1/0) area ROC plot   
0 0.185     
1 0.815     
Temperature (°C) & Time (h) model -Loglikelihood χ2 p-value 
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difference 51.47 102.94 <0.01 
full 214.70     
reduced 266.17     
R2 uncertainty 0.193     
AICc 435.463     
N 384     
measure training   
entropy R2 0.193     
generalized R2 0.314     
x̄ -log prob. 0.559     
misclassification rate 0.206     
N 384     
source df χ2 p-value 
lack of fit 378 429.40 0.03 
saturated 380     
fitted 2     
term estimate χ2 p-value 
Intercept[0] 1.038 1.57 0.21 
time (h) <0.001 75.29 <0.01 
temperature (°C) 0.067 4.87 0.03 
source k likelihood ratio χ2 p-value 
time (h) 1 102.87 <0.01 
temperature (°C) 1 4.86 0.03 
viperid/random (1/0) area ROC plot   
0 0.204     
1 0.796     
(V) Temperature (°C) model -Loglikelihood χ2 p-value 
difference 159.27 318.55 <0.01 
full 1357.33   
reduced 1516.61   
R2 uncertainty 0.105   
AICc 2718.671   
N 2188   
measure training   
entropy R2 0.105   
generalized R2 0.181   
x̄ -log prob. 0.620   
misclassification rate 0.354   
N 2188   
term estimate χ2 p-value 
Intercept[0] 4.067 241.51 <0.01 
temperature (°C) -0.152 249.80 <0.01 
snake/random (1/0) area ROC plot   
0 0.305   
1 0.695   
Time (h) model -Loglikelihood χ2 p-value 
difference 70.85 141.70 <0.01 
full 1445.75     
reduced 1516.61     
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R2 uncertainty 0.047     
AICc 2895.514     
N 2188     
measure training   
entropy R2 0.047     
generalized R2 0.084     
x̄ -log prob. 0.661     
misclassification rate 0.426     
N 2188     
term estimate χ2 p-value 
Intercept[0] 1.221 111.22 <0.01 
time (h) <0.001 131.57 <0.01 
snake/random (1/0) area ROC plot   
0 0.370     
1 0.630     
Temperature (°C) & Time (h) model -Loglikelihood χ2 p-value 
difference 200.21 400.41 <0.01 
full 1316.40     
reduced 1516.61     
R2 uncertainty 0.132     
AICc 2638.812     
N 2188     
measure training   
entropy R2 0.132     
generalized R2 0.223     
x̄ -log prob. 0.602     
misclassification rate 0.357     
N 2188     
source df χ2 p-value 
lack of fit 2155 2632.80 <0.01 
saturated 2157     
fitted 2     
term estimate χ2 p-value 
Intercept[0] 4.834 282.69 <0.01 
time (h) <0.001 77.44 <0.01 
temperature (°C) -0.142 211.58 <0.01 
source k likelihood ratio χ2 p-value 
time (h) 1 81.86 <0.01 
temperature (°C) 1 258.71 <0.01 
snake/random (1/0) area ROC plot   
0 0.274     
1 0.726     
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Figure 7. Receiver operating characteristic (ROC) plots for three separate ordinal logistic 
fit models displaying the predictive quality of (clockwise from top right): temperature 
(°C), time (h), and both variables as drivers of temporal activity of colubrid snakes 
detected by remote photography arrays in the Angelina National Forest from February 
2016–October 2017. The x-axes show the rate of false positives (i.e., 1≠1; 0≠0), and the 
y-axes show the rate of true positives (i.e., 1=1; 0=0).
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Figure 8. Receiver operating characteristic (ROC) plots for three separate ordinal logistic 
fit models displaying the predictive quality of (clockwise from top right): temperature 
(°C), time (h), and both variables as drivers of temporal activity of elapid snakes detected 
by remote photography arrays in the Angelina National Forest from February 2016–
October 2017. The x-axes show the rate of false positives (i.e., 1≠1; 0≠0), and the y-axes 
show the rate of true positives (i.e., 1=1; 0=0).
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Figure 9. Receiver operating characteristic (ROC) plots for three separate ordinal logistic 
fit models displaying the predictive quality of (clockwise from top right): temperature 
(°C), time (h), and both variables as drivers of temporal activity of leptotyphlopid snakes 
detected by remote photography arrays in the Angelina National Forest from February 
2016–October 2017. The x-axes show the rate of false positives (i.e., 1≠1; 0≠0), and the 
y-axes show the rate of true positives (i.e., 1=1; 0=0).
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Figure 10. Receiver operating characteristic (ROC) plots for three separate ordinal 
logistic fit models displaying the predictive quality of (clockwise from top right): 
temperature (°C), time (h), and both variables as drivers of temporal activity of viperid 
snakes detected by remote photography arrays in the Angelina National Forest from 
February 2016–October 2017. The x-axes show the rate of false positives (i.e., 1≠1; 0≠0), 
and the y-axes show the rate of true positives (i.e., 1=1; 0=0).
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Figure 11. Receiver operating characteristic (ROC) plots for three separate ordinal 
logistic fit models displaying the predictive quality of (clockwise from top right): 
temperature (°C), time (h), and both variables as drivers of temporal activity of temporal 
activity of all snakes detected by remote photography arrays in the Angelina National 
Forest from February 2016–October 2017. The x-axes show the rate of false positives 









Habitat Management & Heterogeneity 
Restorative management techniques within ANF (e.g., Walker 1998; Van Lear et 
al. 2005; Appendix VI) support an ecosystem containing a diverse snake community. At 
a larger spatial scale (e.g., ≥7,000 ha), ANF is a homogenous tract of Longleaf Pine 
Savanna habitat, whereas, at smaller scales, ANF shows high levels of habitat 
heterogeneity (cf. Renken et al. 2004; Ruiz-Jaén & Aide 2005; Earl et al. 2017). Many 
habitat features within ANF are dynamic (e.g., vegetative structure and topography), 
changing in response to extrinsic factors like weathering and habitat management (Ray et 
al. 2014). Small-scale habitat heterogeneity contributed to the poor predictive power 
among models for snake diversity. However, the mutability of ANF appears to be 
fundamental for supporting a diverse community of snake species. 
Fire is important for supporting native biodiversity in several different ecosystems 
including Longleaf Pine Savannas (e.g., Floyd et al. 2002; Bond & Keely 2005). Fire is a 
vital part of habitat management in pyrophytic ecosystems because it helps to suppress 
invasive or undesirable vegetation and promotes the growth of native species, thereby 
improving ecosystem functionality (Lefcheck et al. 2015). Concurrent with my research 
was the intensive management of ANF using prescribed fire. Low-intensity fires are 
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shown to have a neutral (Kilpatrick et al. 2004), or net positive effect on reptile 
communities in regions where wildfires had historically maintained ecosystems (Steen et 
al. 2013). While I did not test for the effects of fire on the habitat or the snake 
community, changes in the surface-level vegetation of ANF resulting from prescribed 
burns did not impair RPA detection of snakes, and apparently did not cause snakes to 
avoid burned areas. Most snakes can tolerate fires if the intensity mimics that which 
likely occurred in pre-settlement pyrophytic ecosystems, wherein the vegetative structure 
and fuel-load usually did not produce conditions suitable for high-intensity fires (Frost 
1993; Webb & Shine 2008). Other studies suggest that prescribed burns enhance the 
habitat for species of snakes (e.g., Sutton et al. 2013; Steen et al. 2015). In contrast, high-
intensity fires might be detrimental to the snakes of ANF because of current habitat and 
weather conditions (e.g., tracts holding large amounts of fuel, periods without 
precipitation, and high winds; sensu Greenberg et al. 1994). Additional research which 
focuses on fire as a management tool is required to discern the effects of fire on the snake 
community in ANF (Santos & Poquet 2010). 
The Focal Snake Community 
I have shown that a diverse snake community occurs within one of the few 
contiguous tracts of Longleaf Pine Savanna in Texas. The intensive management that 
occurs in ANF not only maintains this ecosystem, but also appears to satisfy the habitat 
requirements needed to support a diverse assemblage of snake species. My results also 
point to the efficacy of passive, non-invasive techniques for sampling snakes in large 
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tracts of land. The 20 RPA detected 19 species of snakes over the course of two activity 
seasons. In total, ANF consists of at least 24 species of snakes based on my other 
observations (e.g., visual encounter surveys, road-cruising). 
Snake communities are difficult to sample, and many communities do not have 
their species composition fully delineated. Metrics such as species richness (S) are 
important because they provide baseline levels of understanding about the species 
assemblage. I frequently detected locally common species of snakes in ANF, reaffirming 
those species as constituents of the community assemblage (sensu Magurran 2013). I also 
detected a handful of species for which there were no previous records of occurrence in 
ANF. Some of these less-common snake species have specialized life-history traits and 
occupy niches that are available within a Longleaf Pine Savanna ecosystem. The 
presence of ecological specialists supports the idea that managers are preserving or 
increasing the spatial extent of the Longleaf Pine Savanna that is necessary for these 
native species to persist (Poisot et al. 2011). 
The snake community of ANF is more diverse than previously recorded 
(unpublished data, Southern Research Station, U.S. Forest Service). Earlier studies of 
snakes occurring in ANF were not designed to sample the entire community, instead 
focusing on the ecology of Louisiana Pinesnakes (Pituophis ruthveni) and sampling other 
large-bodied snakes (Ealy et al. 2004; Rudolph et al. 2012; Wagner et al. 2014). Several 
smaller species of snakes were detected by RPA (Table 3); if small snakes are harder to 
detect using RPA, then even a few detections of small snake species can indicate that at 
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least relict populations of these species likely occur near RPA that detected them (Bentz 
et al. 2011). Although several of these species of snakes had not been reported previously 
from ANF, they contribute to the health and functionality of the Longleaf Pine Savannas 
(Means 2007). 
The Utility of Remote Photography Arrays for Sampling Snakes 
Using RPA to sample snakes minimized the concerns commonly associated with 
methods that involve the physical capture of snakes (Fogarty & Jones 2003). For 
example, using RPA eliminated any risk of mortality to the target species. I was also able 
to leave the sampling localities undisturbed for 3–5 weeks at a time, to minimize the risk 
of influencing the activity patterns of snakes near those sites (Liu et al. 2013). 
Minimizing my presence within sampling localities might also have contributed to the 
detection of snake species that are cryptic, occur at low densities, and are seldom detected 
by other means—especially at this spatial scale (Borcard et al. 2004; Gray et al. 2010). 
Researchers are often unable to link temporal variables to snake detections 
because the devices typically used to sample snakes (e.g., pitfall arrays, box traps, 
coverboards) do not record the exact time of capture. Using RPA allowed me to record 
some temporal variables associated with individual detections of snakes. Snakes were 
detected throughout both sampling seasons in ANF, and detections occurred at all hours 
that RPA were programmed to capture images (Appendix III). The activity patterns that I 
documented are skewed by the activity patterns of those species detected with the 
greatest frequency (e.g., Coluber flagellum, Agkistrodon contortrix), and thus do not 
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describe the activity patterns of every species detected. However, other temporal 
variables appear to influence more general activity patterns among all snake species in 
ANF. 
Activity patterns in most snakes reflect the physiological state of the animal (e.g., 
body temperature, energy stores; Lillywhite 1987; Ohlberger 2013). Activity patterns of 
snakes in ANF reflect the seasonal variation in weather conditions, notably temperature, 
with more than half of all detections of snakes occurring when temperatures were 24–
34°C. In subtropical regions like eastern Texas, however, seasonal transitions occur with 
inconsistent timing and intensity from year to year (Dalrymple et al. 1991). The onset of 
the activity season for snakes appears to occur when there are prolonged increases in 
average daily temperatures and relative humidity, especially during nights. ANF receives 
scattered periods of precipitation throughout the year, but temperatures fluctuate in late 
autumn and winter. Temperatures stabilize in mid-spring with consistently warmer 
temperatures (≥20° C). Those conditions appear to coincide with ectothermic vertebrates’ 
emergence from any temporary overwintering refugia (Rahman et al. 2013). 
Unlike communities of snakes that occur in temperate regions, snakes in ANF do 
not truly hibernate in the wintertime (Sperry et al. 2010), even though local temperatures 
routinely fall below 0°C (NOAA National Centers for Environmental Information; 
https://www.ncdc.noaa.gov/rcsd). On most cold days, frost does not last long or penetrate 
deep into the ground, and melts some hours after dawn. Intermittent periods of dormancy 
typically occur when temperatures are outside of snakes’ thermal preferences for surface 
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activity. (Lillywhite 1987; Peterson et al. 1993). Some species that are known to occur in 
ANF, but are seldom observed, might be easier to document during periods that are 
distinct from the annual snake activity season. The activity patterns of certain species of 
snakes that I detected using RPA might be restricted by heat more so than cold. 
Installation and monitoring of structures designed to mimic the structure and function of 
natural hibernacula or temporary refugia of snakes could lead to detections of those 
species that are active throughout the year. 
I conducted my research in a large parcel of contiguous habitat that is located in a 
geographic region where meteorological conditions are locally inconsistent, especially 
over long periods of time. On some occasions, there was considerable variation in the 
weather conditions at each different RPA during the same time span, and measurements 
taken from local weather stations only offer a summary of the regional conditions. An 
improvement to the RPA sampling methodology is to simultaneously deploy devices to 
measure precise weather conditions at each sampling locality. All cameras automatically 
recorded the ambient temperature each time a photo was taken, although ambient 
temperature alone does not provide an accurate meteorological context in which 
detections of snakes occurred. Continuously recording several meteorological variables 
(e.g., humidity, pressure, wind speed) can give a more accurate description of the 
conditions when a snake is detected. For example, bands of heavy precipitation can flood 
narrow corridors of habitat in ANF and leave adjacent areas completely dry on the 
surface. On many occasions, I observed this pattern whereby a handful of RPA would 
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experience heavy precipitation and the remaining RPA would not receive any 
precipitation that day. More precise measurements of variables of interest could be 
obtained by using RPA-specific data logging devices. Furthermore, knowing the 
conditions preceding the detection of a snake, or when snakes are not detected, might be 
useful data to aid in modeling snake activity patterns. 
Snake Diversity & Detectability 
My findings are consistent with the idea that communities of snakes can be 
diverse in large tracts of contiguous habitat, yet problematic to sample. Based on my 
review of historical records and reference range maps (e.g., Dixon 2013; unpublished 
data, U.S. Forest Service), I predicted a priori that 35 species of snakes might occur 
within ANF (Appendix VII). Diverse communities of snakes are typical in areas of 
contiguous habitat in the Western Gulf Coastal Plain. The community of snakes detected 
within ANF was more diverse than several geographically proximate communities 
(~100–km radius; cf. Soininen et al. 2007). 
The five species that I observed directly (Agkistrodon piscivorus, Arizona 
elegans, Haldea striatula, Nerodia rhombifer, and Virginia valeriae) probably went 
undetected by RPA for reasons related to their life-history and habitat preferences. 
Agkistrodon piscivorus and N. rhombifer typically associate with permanent water-
bodies, and H. striatula and V. valeriae are small litter-dwellers that associate with less-
sandy areas, and patchily distributed microhabitats (e.g., snags, woody debris). In 
contrast, A. elegans appears to be regionally uncommon. These species going undetected 
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by RPA might be a function of the microhabitats in areas where RPA were installed. 
Initially, RPA were installed near existing box traps to test the efficacy of RPA compared 
to the box traps, although this experiment was set aside soon after RPA were deployed, 
the installation sites are still relevant. Box traps were designed to capture large-bodied, 
terrestrial snakes that typically occur in upland habitat—especially Louisiana Pinesnakes 
(Pituophis ruthveni). As an appropriate measure to enhance the probability that P. 
ruthveni were captured, most box traps were installed at locations where the habitat was 
favorable for P. ruthveni. This habitat is not necessarily suitable for all, or even most of 
the co-occurring species of snakes, contributing to model inaccuracy (MacKenzie et al. 
2011). 
I did not detect the following candidate species of snakes: Farancia abacura, 
Heterodon nasicus, Lampropeltis holbrooki, Nerodia cyclopion, Nerodia erythrogaster, 
Pituophis ruthveni, Regina grahamii, Liodytes rigida, Sonora semiannulata, 
Tropidoclonion lineatum, Thamnophis sirtalis, and Sistrurus milarius. It is possible that 
these species occur in ANF and were undetectable for reasons similar to the five species 
that were observed directly, but not detected by RPA. For example, aquatic species like 
F. abacura, N. cyclopion, N. erythrogaster, R. grahamii, and L. rigida might occur in and 
remain close to habitats that were not near any RPA. Other factors that might have 
contributed to species going undetected include behavioral traits, regional rarity 
(Mackenzie et al. 2002; Gu & Swihart 2004), or inaccuracies in the distributional records 
on which I based my predictions. 
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Some species of snakes are intrinsically more difficult to detect than others (Steen 
2010). There are several possibilities that could explain the differences in detectability 
among snake species that occur in ANF, where the community structure is largely 
unknown (Leinster & Cobbold 2012; Chao et al. 2014; Iknayan et al. 2014). For instance, 
the life-histories of the detected species vary considerably. Species of snakes that move 
greater distances or are active at the surface for longer periods of time per day are 
probably most frequently detected by RPA. For instance, Coluber flagellum was likely 
detected more often because they are diurnal, highly mobile, and can tolerate ambient 
temperatures exceeding 40°C (e.g., Johnson et al. 2007; pers. obs.). Conversely, species 
like Tantilla gracilis are small-bodied, fossorial, and more sensitive to heat (Clark 1967; 
Elick & Sealander 1972; Ruthven et al. 2002). The cryptic nature of several species of 
snakes that occur in ANF is expected given the predominating soil type. Longleaf Pine 
Savannas are sandy, and many animals dig tunnels to move underground (e.g., Geomys 
breviceps; Pocket Gophers), excavate burrows as refugia (e.g., Mephitis mephitis; Striped 
Skunks), or live in subsurface colonies (e.g., Atta texana; Texas Leaf-cutting Ants). 
Snakes might use preexisting subterranean passages to travel, thermoregulate, and forage; 
and, some species of snakes are capable burrowers (e.g., Heterodon platirhinos, 
Lampropeltis calligaster). Some of the species that were infrequently detected by RPA 
are, in fact, regionally common. The non-detection of certain common snake species 
might be attributable to the habitat structure of ANF in general, or the structure of the 
habitat associated with the general area in which RPA were deployed. 
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Several RPA detected Texas Threadsnakes (Rena [Leptotyphlops] dulcis), a small 
fossorial species that typically associates with colonies of Texas Leaf-cutting Ants (A. 
texana). Ant eggs, larva, and sometimes adults are among the preferred prey of this snake 
species (Punzo 1974). Threadsnakes appeared to be detected during, or immediately after, 
periods of rain (evidenced by actual precipitation shown in sequences of photos 
preceding or during a detection), perhaps because water inundating the substrate forced 
the snakes to the surface. Another small, fossorial snake species (Flat-headed Snakes [T. 
gracilis]) was detected by RPA, but there was no discernable pattern for their occurrence 
that might relate to the species’ ecology (Shaw & Campbell 1974). 
Several of the species that were infrequently detected by RPA have specialized 
life-histories and, in other parts of their distribution, require specific microhabitats 
(Gibbons 1972; Howze et al. 2012). The same might be true in ANF. For example, 
Timber Rattlesnakes (Crotalus horridus) might be restricted to regions of ANF where 
ambush sites are abundant and prey species are common. These vipers might also 
aggregate near rocky outcrops in ANF (an uncommon habitat feature within the study 
site), as is true for populations in other parts of their range (Martin 1993; Brown 2016). 
Although, in ANF, a subtropical part of the Coastal Plain ecoregion, C. horridus would 
not necessarily be restricted to a particular patch of an uncommon microhabitat (i.e., 
rocky outcrops), and the snakes are likely active for longer timeframes each year, during 
which they could move among patches of suitable habitat (pers. obs.; Reinert & 
Zappalorti 1988; Clark et al. 2008). 
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Community Assembly 
The detectability of snakes might be predicated on assumptions about how 
ecological communities are assembled (reviewed in Spasojevic & Suding 2012). Because 
the life-histories of many species of snakes are poorly understood, perhaps researchers 
also lack a full understanding of the functional niches that snakes occupy in a given 
ecosystem (but see Beaupre & Douglas 2009; Cadotte et al. 2011, 2015). It is hard to 
detect snakes in Longleaf Pine Savannas, where resources are spatially diffuse. In other 
geographical regions, some species of snakes are more closely associated with limiting 
resources within their habitats (e.g., those important for survival, reproduction, and 
growth; Meshaka et al. 2008). Even Longleaf Pine Savannas that are structurally similar 
to ANF might contain snake communities that exhibit higher degrees of association with 
spatially concentrated resources (Meshaka 2010). 
Ecotones 
The ANF appears to be devoid of any naturally formed ecotones—gradients 
between two distinct habitats that can be important for some snake species (Urbina-
Cardona et al. 2006; Mason et al. 2013). Resources on which certain species of snakes 
rely might be more abundant, or exist solely, in ecotonal areas (e.g., thermoregulatory or 
foraging opportunities; Carfagno et al. 2006). Species of snakes that often associate with 
ecotones might be constrained to patches of isolated habitat in ANF that function 
similarly to those areas (Santos et al. 2009; Mebert et al. 2013). For example, patches of 
mesic habitat in ANF are predominated by hardwood trees that can persist in riparian and 
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wetland habitats (Leduc et al. 2012). Several regionally-common species of snakes went 
undetected by RPA but were easily detected by actively searching for them (i.e., 
Agkistrodon piscivorus, Thamnophis proximus, Nerodia spp.). Other infrequently 
detected species of snakes that associate with resources often restricted to ecotones are 
small and semi-fossorial (e.g., Diadophis punctatus; Earl et al. 2017). It is possible that 
some RPA were installed on the periphery of the transitional habitats, and thus, detected a 
small subset of snakes that occur in ecotonal habitats, and not elsewhere in ANF. 
Roads are known contributors to snake mortality, even in National Forests 
(Pragatheesh & Rajavanshi 2013). Texas State Highway 63 (SH 63; Appendix I) creates 
an ecotone that effectively bisects ANF. The highway causes mortality in several species 
of snakes (pers. obs.) and likely has other negative influences on snakes. The road’s 
asphalt surface can influence thermal properties in adjacent habitats, and the lack of 
canopy increases the exposure risk to snakes that traverse that surface. Even service roads 
within ANF, particularly those that are partially paved, have more open canopies and 
experience high surface temperatures. The mean values for species richness are nearly 
identical between the 11 RPA south of SH 63, and the 9 RPA north of SH 63. The only 
differences were the absence of a single species per area—N. fasciata (n = 2) in the north, 
and C. horridus (n = 2) in the south (Table 5). Further investigation of the effects of 
roadways on vertebrates in ANF should be conducted to quantify mortality rates (Urban 
et al. 2008; Falcucci et al. 2009) and mitigate the negative effects of the roads (cf. 
Gunson et al. 2009; Gilbert-Norton et al. 2010). 
72 
Studying Snake Ecology in ANF 
Some habitat parameters that are commonly used to predict metrics of diversity in 
snake communities (e.g., groundcover composition, understory foliage density) were not 
effective in this study. Given the dynamic habitat structure of ANF, more detailed and 
frequent measurements of each variable might be warranted. For instance, measuring 
habitat parameters each time that cameras needed maintenance (i.e., every 21–31 days) 
would have still minimized my presence at traps, yet increased the quantity of 
information about habitat parameters. More complete records about habitat features over 
the course of the growing season might help determine the utility of using certain 
parameters in predictive modeling (Mauricio Bini et al. 2009; Kéry 2011). Habitat 
measurements might be more useful for predictive modeling if they are remeasured 
monthly, for the duration of the sampling period. Researchers interested in building 
predictive models could establish categorical values for the microhabitat variables that 
might be important to snakes in ANF (e.g., surface-level and subterranean). Habitat 
specialists in ANF would not be expected without microhabitat heterogeneity in the 
ecosystem (Tews et al. 2004; Cottenie 2005). 
Several augmentations can enhance the overall RPA design, and potentially yield 
a more accurate sample of the actual diversity of the snake community. Caution should 
be taken, however, as all changes to the experimental design can potentially increase the 
monetary costs and researchers’ effort required for undertaking a study based on 
sampling with RPA. For example, the drift fencing scheme could be optimized for 
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sampling snakes in sandy soils. Researchers could use different materials for constructing 
drift fences in ANF. The pore size of the hardware cloth (0.64–cm2) permitted at least 
two species of snakes to trespass through the fence without being guided to the area 
below the camera—Tantilla gracilis and Storeria dekayi (pers. obs.). Additionally, 
fencing exposed to direct sunlight heated up faster and stayed hotter than the surrounding 
substrate; and lizards used the fencing as a thermoregulatory surface which could have 
influenced snake activity (e.g., one RPA recorded a young Coluber flagellum depredating 
a Sceloporus undulatus off of a fence edge). 
The loose, sandy soils in which most RPA were installed apparently eased snakes’ 
ability to bypass drift fencing (pers. obs.). In addition to using an alternative fencing 
material (e.g., Sutton et al. 2010), researchers might consider installing drift fencing 
deeper than is typically required for sampling snakes. Several species of vertebrates and 
invertebrates were able to trespass underneath fence arrays installed ~10 cm below grade 
more frequently than expected; even when subterranean passages were eliminated, they 
were often re-excavated in <24 hrs (pers. obs.). In regions of ANF with sandy substrates, 
installation depths of ≥20 cm below grade could reduce the frequency in which 
organisms are able to successfully tunnel beneath fences. 
Taken together, RPA and my own observations indicate that at least 24 snake 
species occur in ANF. With more information about the snake community in ANF, 
researchers can institute more informative management plans. This study provides a 
foundation for future research that incorporates RPA into assessments of diversity, as 
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well as a range of ecological patterns. In particular, smaller-scale studies designed to 
detect or capture groups of snake species based on shared morphotypes or life-histories 









Adams, C.S., Ryberg, W.A., Hibbitts, T.J., Pierce, B.L., Pierce, J.B. and Rudolph, D.C. 
2017. Evaluating effectiveness and cost of time-lapse triggered camera trapping 
techniques to detect terrestrial squamate diversity. Herpetological Review. 48:44–
48. 
 
Aho, K., Derryberry, D. and Peterson, T. 2014. Model selection for ecologists: the 
worldviews of AIC and BIC. Ecology. 95:631–636. 
 
Akaike, H. 1973. Maximum likelihood identification of Gaussian autoregressive moving 
average models. Biometrika. 60:255–265. 
 
Akani, G.C., Petrozzi, F., Eniang, E.A. and Luiselli, L. 2015. Structure and composition 
of snake assemblages across three types of plantation in south-eastern Nigeria. 
African Journal of Ecology. 53:223–230. 
 
Anderson, D.R. and Burnham, K.P. 2002. Avoiding pitfalls when using information-
theoretic methods. The Journal of Wildlife Management. 66:912–918. 
 
Anderson, M.J., Crist, T.O., Chase, J.M., Vellend, M., Inouye, B.D., Freestone, A.L., 
Sanders, N.J., Cornell, H.V., Comita, L.S., Davies, K.F. and Harrison, S.P. 2011. 
Navigating the multiple meanings of β diversity: a roadmap for the practicing 
ecologist. Ecology Letters. 14:19–28. 
 
Andrews, K.M. and Gibbons, J.W. 2005. How do highways influence snake movement? 
Behavioral responses to roads and vehicles. Copeia. 2005:772–782. 
 
Ares, A., Neill, A.R. and Puettmann, K.J. 2010. Understory abundance, species diversity 
and functional attribute response to thinning in coniferous stands. Forest Ecology 
and Management. 260:1104–1113. 
 
Aresco, M.J., and Guyer, C. 1999. Burrow abandonment by gopher tortoises in slash pine 




Arnold, T.W. 2010. Uninformative parameters and model selection using Akaike’s 
Information Criterion. Journal of Wildlife Management. 74:1175–1178. 
 
Azor, J.S., Santos, X. and Pleguezuelos, J.M. 2015. Conifer-plantation thinning restores 
reptile biodiversity in Mediterranean landscapes. Forest Ecology and 
Management. 354:185–189. 
 
Balkenhol, N. and Waits, L.P. 2009. Molecular road ecology: exploring the potential of 
genetics for investigating transportation impacts on wildlife. Molecular Ecology. 
18:4151–4164. 
 
Baselga, A. and Leprieur, F. 2015. Comparing methods to separate components of beta 
diversity. Methods in Ecology & Evolution. 6:1069–1079. 
 
Beaupre, S.J. and Douglas, L.E. 2009. Snakes as indicators and monitors of ecosystem 
properties. Pp. 244–261 in Snakes: Ecology and Conservation (S.J. Mullin and 
R.A. Seigel, eds.). Cornell University Press. USA. 
 
Beckerman, A., Petchey, O.L. and Morin, P.J. 2010. Adaptive foragers and community 
ecology: linking individuals to communities and ecosystems. Functional Ecology. 
24:1–6. 
 
Beirne, C., Burdekin, O. and Whitworth, A. 2013. Herpetofaunal responses to 
anthropogenic habitat change within a small forest reserve in Eastern Ecuador. 
Herpetological Journal. 23:209–209. 
 
Bender, D.J., Contreras, T.A. and Fahrig, L. 1998. Habitat loss and population decline: A 
meta-analysis of the patch size effect. Ecology. 79:517–533. 
 
Bentz, E.J., Rodríguez, M.R., John, R.R., Henderson, R.W. and Powell, R. 2011. 
Population densities, activity, microhabitats, and thermal biology of a unique 
crevice-and litter-dwelling assemblage of reptiles on Union Island, St. Vincent, 
and the Grenadines. Herpetological Conservation and Biology. 6:40–50. 
 
Blouin-Demers, G., and Weatherhead, P.J. 2001. Habitat use by black rat snakes (Elaphe 
obsoleta obsoleta) in fragmented forests. Ecology. 82:2882–2896. 
 
Boback, S.M. and Guyer, C. 2003. Empirical evidence for an optimal body size in 
snakes. Evolution. 57:345–351. 
 
77 
Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H. and 
White, J.S. 2009. Generalized linear mixed models: a practical guide for ecology 
and evolution. Trends in Ecology & Evolution. 24:127–135. 
 
Bond, W.J. and Keeley, J.E. 2005. Fire as a global ‘herbivore’: The ecology and 
evolution of flammable ecosystems. Trends in Ecology & Evolution. 20:387–394. 
 
Bonnet, X., Naulleau, G. and Shine, R. 1999. The dangers of leaving home: Dispersal and 
mortality in snakes. Biological Conservation. 89:39–50. 
 
Borcard, D., Legendre, P., Avois-Jacquet, C. and Toumisto, H. 2004. Dissecting the 
spatial structure of ecological data at multiple scales. Ecology. 85:1826–1832. 
 
Breininger, D.R., Mazerolle, M.J., Bolt, M.R., Legare, M.L., Drese, J.H. and Hines, J.E. 
2012. Habitat fragmentation effects on annual survival of the federally protected 
eastern indigo snake. Animal Conservation. 15:361–368. 
 
Brewer, M.J., Butler, A. and Cooksley, S.L. 2016. The relative performance of AIC, 
AICc and BIC in the presence of unobserved heterogeneity. Methods in Ecology 
& Evolution. 7:679–692. 
 
Brischoux, F. 2007. Ecology of striped knit from New Caledonia. Doctoral dissertation, 
University François Rabelais-Tours. 
 
Brown, W.S. and Parker, W.S. 1982. Niche dimensions and resource partitioning in a 
Great Basin desert snake community. Pp. 59–81 in Herpetological Communities 
(N.J. Scott, Jr., ed.). U.S. Fish and Wildlife Service Wildlife Research Report No. 
13. 
 
Brown, W.S., 2016. Lifetime reproduction in a northern metapopulation of Timber 
Rattlesnakes (Crotalus horridus). Herpetologica. 72:331–342. 
 
Burbrink, F.T. and Pyron, R.A. 2010. How does ecological opportunity influence rates of 
speciation, extinction, and morphological diversification in New World ratsnakes 
(tribe Lampropeltini)? Evolution. 64:934–943. 
 
Burgdorf, S.J., Rudolph, D.C., Conner, R.N., Saenz, D. and Schaefer, R.R. 2005. A 




Burger, J., Zappalorti, R.T., Gochfeld, M., and DeVito, E. 2007. Effects of off-road 
vehicles on reproductive success of pine snakes (Pituophus melanoleucus) in the 
New Jersey pinelands. Urban Ecosystems. 10:275–284. 
 
Burton, A.C., Neilson, E., Moreira, D., Ladle, A., Steenweg, R., Fisher, J.T., Bayne, E. 
and Boutin, S. 2015. Wildlife camera trapping: A review and recommendations 
for linking surveys to ecological processes. Journal of Applied Ecology. 52:675–
685. 
 
Cadotte, M.W., Jonathan Davies, T., Regetz, J., Kembel, S.W., Cleland, E. and Oakley, 
T.H. 2010. Phylogenetic diversity metrics for ecological communities: Integrating 
species richness, abundance and evolutionary history. Ecology Letters. 13:96–
105. 
 
Cadotte, M.W., Carscadden, K. and Mirotchnick, N. 2011. Beyond species: functional 
diversity and the maintenance of ecological processes and services. Journal of 
Applied Ecology. 48:1079–1087. 
 
Cadotte, M.W., Arnillas, C.A., Livingstone, S.W. and Yasui, S.L. 2015. Predicting 
communities from functional traits. Trends in Ecology & Evolution. 30:510–511. 
 
Carfagno, G.L. and Weatherhead, P.J. 2006. Intraspecific and interspecific variation in 
use of forest-edge habitat by snakes. Canadian Journal of Zoology. 84:1440–
1452. 
 
Carfagno, G.L., Heske, E.J. and Weatherhead, P.J. 2006. Does mammalian prey 
abundance explain forest-edge use by snakes? Ecoscience. 13:293–297. 
 
Chao, A., Gotelli, N.J., Hsieh, T.C., Sander, E.L., Ma, K.H., Colwell, R.K. and Ellison, 
A.M. 2014. Rarefaction and extrapolation with Hill numbers: A framework for 
sampling and estimation in species diversity studies. Ecological Monographs. 
84:45–67. 
 
Chase, J.M. and Myers, J.A. 2011. Disentangling the importance of ecological niches 
from stochastic processes across scales. Philosophical Transactions of the Royal 
Society of London B: Biological Sciences. 366:2351–2363. 
 
Clark, D.R. 1967. Experiments into selection of soil type, soil moisture level, and 
temperature by five species of small snakes. Transactions of the Kansas Academy 
of Science (1903-). 70:490–496. 
79 
Clark, R.W., Brown, W.S., Stechert, R. and Zamudio, K.R. 2008. Integrating individual 
behaviour and landscape genetics: the population structure of timber rattlesnake 
hibernacula. Molecular Ecology. 17:719–730. 
 
Clark, R.W., Brown, W.S., Stechert, R. and Zamudio, K.R. 2010. Roads, interrupted 
dispersal, and genetic diversity in timber rattlesnakes. Conservation Biology. 
24:1059–1069. 
 
Conner, R.N., Rudolph, D.C., Saenz, D. and Schaefer, R.R. 1996. Red-cockaded 
Woodpecker nesting success, forest structure, and southern flying squirrels in 
Texas. The Wilson Bulletin. 108:697–711. 
Conner, R.N., Rudolph, D.C. and Walters, J.R. 2001. The Red-cockaded Woodpecker: 
Surviving in a Fire-maintained Ecosystem. Volume 49. University of Texas Press, 
USA. 
 
Cooper, W.E., Jr. and Secor, S. 2007. Strong response to anuran chemical cues by an 
extreme dietary specialist, the eastern hog-nosed snake (Heterodon platirhinos). 
Canadian Journal of Zoology. 85:619–625. 
 
Cottenie, K. 2005. Integrating environmental and spatial processes in ecological 
community dynamics. Ecology Letters. 8:1175–1182. 
 
Crist, T.O., Veech, J.A., Gering, J.C. and Summerville, K.S. 2003. Partitioning species 
diversity across landscapes and regions: A hierarchical analysis of α, β, and γ 
diversity. The American Naturalist. 162:734–743. 
 
Croak, B.M., Pike, D.A., Webb, J.K. and Shine, R. 2010. Using artificial rocks to restore 
nonrenewable shelter sites in human-degraded systems: Colonization by fauna. 
Restoration Ecology. 18:428–438. 
 
Crosswhite, D.L., Fox, S.F., and Thill, R.E. 2004. Herpetological habitat relations in the 
Ouachita Mountains, Arkansas. Pp. 273–282 in Tech. Rep. SRS–74. Ouachita and 
Ozark Mountains Symposium: Ecosystem Management Research. U.S. 
Department of Agriculture, Asheville, NC. 
 
Dalrymple, G.H., Steiner, T.M., Nodell, R.J. and Bernardino Jr, F.S. 1991. Seasonal 




Dixon, J.R. 2013. Amphibians and reptiles of Texas: with keys, taxonomic synopses, 
bibliography, and distribution maps. 3rd edition. Texas A&M University Press. 
USA. 
 
Dodd, C.K. Jr. 1987. Status, conservation, and management. Pp. 478–513 in Snakes: 
Ecology and Evolutionary Biology (R.A. Seigel, J.T. Collins, and S.S. Novak, 
eds.). McGraw-Hill, USA. 
 
Dorcas, M.E., Willson, J.D., Reed, R.N., Snow, R.W., Rochford, M.R., Miller, M.A., 
Meshaka, W.E., Jr., Andreadis, P.T., Mazzotti, F.J., Romagosa, C.M. and Hart, 
K.M. 2012. Severe mammal declines coincide with proliferation of invasive 
Burmese pythons in Everglades National Park. Proceedings of the National 
Academy of Sciences. 109:2418–2422. 
 
Dramstad, W.E., Tveit, M.S., Fjellstad, W.J. and Fry, G. 2006. Relationship between 
visual landscape preferences and map-based indicators of landscape structure. 
Landscape and Urban Planning. 78:465–474. 
 
Dray, S., Pélissier, R., Couteron, P., Fortin, M.J., Legendre, P., Peres-Neto, P.R., Bellier, 
E., Bivand, R., Blanchet, F.G., De Cáceres, M. and Dufour, A.B. 2012. 
Community ecology in the age of multivariate multiscale spatial analysis. 
Ecological Monographs. 82:257–275. 
 
Durso, A.M., Willson, J.D. and Winne, C.T. 2011. Needles in haystacks: estimating 
detection probability and occupancy of rare and cryptic snakes. Biological 
Conservation. 144:1508–1515. 
 
Durso, A.M., Willson, J.D. and Winne, C.T. 2013. Habitat influences diet overlap in 
aquatic snake assemblages. Journal of Zoology. 291:185–193. 
 
Durso, A.M. and Seigel, R.A. 2015. A snake in the hand is worth 10,000 in the bush. 
Journal of Herpetology. 49:503–506. 
 
Ealy, M.J., Fleet, R.R. and Rudolph, D.C. 2004. Diel activity patterns of the Louisiana 
Pine Snake (Pituophis ruthveni) in eastern Texas. Texas Journal of Science. 
56:383–394. 
 
Earl, J.E., Harper, E.B., Hocking, D.J., Osbourn, M.S., Rittenhouse, T.A., Glennie, M. 
and Semlitsch, R.D. 2017. Relative importance of timber harvest and habitat for 
reptiles in experimental forestry plots. Forest Ecology and Management. 402:21–
28. 
81 
Edwards, D.P., Hodgson, J.A., Hamer, K.C., Mitchell, S.L., Ahmad, A.H., Cornell, S.J. 
and Wilcove, D.S. 2010. Wildlife-friendly oil palm plantations fail to protect 
biodiversity effectively. Conservation Letters. 3:236–242. 
 
Elick, G.E. and Sealander, J.A. 1972. Comparative water loss in relation to habitat 
selection in small colubrid snakes. American Midland Naturalist. 88:429–439. 
 
Ellison, A.M., Bank, M.S., Clinton, B.D., Colburn, E.A., Elliott, K., Ford, C.R., Foster, 
D.R., Kloeppel, B.D., Knoepp, J.D., Lovett, G.M. and Mohan, J. 2005. Loss of 
foundation species: consequences for the structure and dynamics of forested 
ecosystems. Frontiers in Ecology and the Environment. 3:479–486. 
 
Elton, C. 1927. Animal Ecology. Sidgwick & Jackson. London. 
 
Ernst, C.H., Creque, T.R., Orr, J.M., Hartsell, T.D. and Laemmerzahl, A.F. 2014. 
Operating body temperatures in a snake community of Northern Virginia. 
Northeastern Naturalist. 21:247–258. 
 
Ettling, J.A. and Parker, P.G. 2017. Genetic diversity and population structure of 
Armenian vipers, Montivipera raddei, in two landscapes: Implications for 
conservation. Herpetological Conservation and Biology. 12:435–446. 
 
Fahrig, L. and Merriam, G. 1994. Conservation of fragmented populations. Conservation 
Biology 8:50–59. 
 
Fahrig, L., 1997. Relative effects of habitat loss and fragmentation on population 
extinction. Journal of Wildlife Management 61:603–610. 
 
Falcucci, A., Ciucci, P., Maiorano, L., Gentile, L. and Boitani, L. 2009. Assessing habitat 
quality for conservation using an integrated occurrence-mortality model. Journal 
of Applied Ecology. 46:600–609. 
 
Fattorini, S. 2010. Influence of recent geography and paleogeography on the structure of 
reptile communities in a land-bridge archipelago. Journal of Herpetology. 
44:242–252. 
 
Filippi, E. and Luiselli, L. 2006. Changes in community composition, habitats and 
abundance of snakes over 10+ years in a protected area in Italy: Conservation 
implications. The Herpetological Journal. 16:29–36. 
 
82 
Fischer, J. and Lindenmayer, D.B. 2007. Landscape modification and habitat 
fragmentation: A synthesis. Global Ecology and Biogeography. 16:265–280. 
 
Floyd, T.M., Russell, K.R., Moorman, C.E., Van Lear, D.H., Guynn D.C. Jr. and 
Lanham, J.D. 2002. Effects of prescribed fire on herpetofauna within hardwood 
forests of the upper Piedmont of South Carolina: A preliminary analysis. Pp. 123–
127 in Tech. Rep. SRS–48. U.S. Department of Agriculture, Asheville, NC. 
 
Fogarty, J.H. and Jones, J.C. 2003. Pitfall trap versus area searches for herpetofauna 
research. Proceedings of the Annual Conference of the Southeastern Association 
of Fish and Wildlife Agencies. 57:268–279. 
 
França, F.G., Mesquita, D.O., Nogueira, C.C. and Araújo, A.F. 2008. Phylogeny and 
ecology determine morphological structure in a snake assemblage in the Central 
Brazilian Cerrado. Copeia. 2008:23–38. 
 
Freedman, A.H., Buermann, W., Lebreton, M., Chirio, L. and Smith, T.B. 2009. 
Modeling the effects of anthropogenic habitat change on savanna snake invasions 
into African rainforest. Conservation Biology. 23:81–92. 
 
Frost, C.C. 1993. Four centuries of changing landscape patterns in the longleaf pine 
ecosystem. Pp. 17–43 in Proceedings of the Tall Timbers Fire Ecology 
Conference. Vol. 18. Tall Timbers Research Station & Land Conservancy, USA. 
 
Gardner, T.A., Barlow, J., Ewers, R.M., Harvey, C.A., Peres, C.A. and Sodhi, N.S. 2009. 
Prospects for tropical forest biodiversity in a human-modified world. Ecology 
Letters. 12:561–582. 
 
Gering, J.C., Crist, T.O. and Veech, J.A. 2003. Additive partitioning of species diversity 
across multiple spatial scales: Implications for regional conservation of 
biodiversity. Conservation biology. 17:488–499. 
 
Gibbons, J.W. 1972. Reproduction, growth, and sexual dimorphism in the canebrake 
rattlesnake (Crotalus horridus atricaudatus). Copeia. 1972:222–226. 
 
Gibbons, J.W. and Semlitsch, R. 1981. Terrestrial drift fences with pitfall traps: An 




Gibbons, J.W., Scott, D.E., Ryan, T.J., Buhlmann, K.A., Tuberville, T.D., Metts, B.S., 
Greene, J.L., Mills, T., Leiden, Y., Poppy, S., and Winne, C.T. 2000. The global 
decline of reptiles, déjà vu amphibians. BioScience. 50:653–666. 
 
Gilbert-Norton, L., Wilson, R., Stevens, J.R. and Beard, K.H. 2010. A meta-analytic 
review of corridor effectiveness. Conservation Biology. 24:660–668. 
 
Gillespie, G.R., Howard, S., Stroud, J.T., Ul-Hassanah, A., Campling, M., Lardner, B., 
Scroggie, M.P. and Kusrini, M. 2015. Responses of tropical forest herpetofauna to 
moderate anthropogenic disturbance and effects of natural habitat variation in 
Sulawesi, Indonesia. Biological Conservation. 192:161–173. 
 
Gray, J. 1946. The mechanism of locomotion in snakes. Journal of Experimental Biology. 
23:101–120. 
 
Gray, T., Phan, C. and Long, B. 2010. Modelling species distribution at multiple spatial 
scales: Gibbon habitat preferences in a fragmented landscape. Animal 
Conservation. 13:324–332. 
 
Greenberg, C.H., Neary, D.G. and Harris, L.D. 1994. Effect of high-intensity wildfire and 
silvicultural treatments on reptile communities in sand-pine scrub. Conservation 
Biology. 8:1047–1057. 
 
Gregory, P.T., Macartney, J.M. and Larsen, K.W. 1987. Spatial patterns and movements. 
Pp. 366–395 in Snakes: Ecology and Evolutionary Biology (R.A. Seigel, J.T. 
Collins and S.S. Novak, eds.). McGraw-Hill. USA. 
 
Grundler, M.C. and Rabosky, D.L. 2014. Trophic divergence despite morphological 
convergence in a continental radiation of snakes. Proceedings of the Royal 
Society of London B: Biological Sciences. 281. 
 
Gu, W. and Swihart, R.K. 2004. Absent or undetected? Effects of non-detection of 
species occurrence on wildlife–habitat models. Biological Conservation. 
116:195–203. 
 
Guisan, A. and Hofer, U. 2003. Predicting reptile distributions at the mesoscale: Relation 
to climate and topography. Journal of Biogeography. 30:1233–1243. 
 
Gunson, K.E., Clevenger, A.P., Ford, A.T., Bissonette, J.A. and Hardy, A. 2009. A 
comparison of data sets varying in spatial accuracy used to predict the occurrence 
of wildlife-vehicle collisions. Environmental Management. 44:268–277. 
84 
Hall, L.K., Mull, J.F. and Cavitt, J.F. 2009. Relationship between cheatgrass coverage 
and the relative abundance of snakes on Antelope Island, Utah. Western North 
American Naturalist. 69:88–95. 
 
Hartley, M.J. 2002. Rationale and methods for conserving biodiversity in plantation 
forests. Forest Ecology and Management. 155:81–95. 
 
Hartman, P.A., Hartman, M.T. and Martins, M. 2009. Ecology of a snake assemblage in 
the Atlantic forest of southeastern Brazil. Papéis Avulsos de Zoologia. 49:343–
360. 
 
Heatwole, H. 1982. A review of structuring in herpetofaunal assemblages. Pp. 1–19 in 
Herpetological Communities: A Symposium of the Society for the Study of 
Amphibians and Reptiles and the Herpetologists’ League. Wildlife Research 
Report 13. U.S. Department of the Interior, Washington, D.C. 
 
Hegyi, G. and Garamszegi, L.Z. 2011. Using information theory as a substitute for 
stepwise regression in ecology and behavior. Behavioral Ecology and 
Sociobiology. 65:69–76. 
 
Henderson, R.W., Powell, R., Martín, J. and Lopez, P. 2016. Arboreal and fossorial 
reptiles. Pp. 139–150 in Reptile Ecology and Conservation: A Handbook of 
Techniques (C. K. Dodd, Jr. ed.). Oxford University Press. UK. 
 
Hostetler, M. and Drake, D. 2009. Conservation subdivisions: A wildlife perspective. 
Landscape and Urban Planning. 90:95–101. 
 
Howey, C.A., Dickinson, M.B. and Roosenburg, W.M. 2016. Effects of a landscape 
disturbance on the habitat use and behavior of the black racer. Copeia. 104:853–
863. 
 
Howze, J.M., Stohlgren, K.M., Schlimm, E.M. and Smith, L.L. 2012. Dispersal of 
neonate timber rattlesnakes (Crotalus horridus) in the southeastern coastal plain. 
Journal of Herpetology. 46:417–422. 
 
Hsiang, A.Y., Field, D.J., Webster, T.H., Behlke, A.D.B., Davis, M.B., Racicot, R.A. and 
Gauthier, J.A. 2015. The origin of snakes: revealing the ecology, behavior, and 
evolutionary history of early snakes using genomics, phenomics, and the fossil 
record. Evolutionary Biology. 15:87–109. 
 
85 
Hu, Y., Magaton, S., Gillespie, G. and Jessop, T.S. 2013. Small reptile community 
responses to rotational logging. Biological Conservation. 166:78–83. 
 
Hunt, S.D., Guzy, J.C., Price, S.J., Halstead, B.J., Eskew, E.A. and Dorcas, M.E. 2013. 
Responses of riparian reptile communities to damming and urbanization. 
Biological Conservation. 157:277–284. 
 
Hutchinson, G.E. 1958. Concluding remarks. Cold Spring Harbor Symposium. 
Quantitative Biology. 22:415–427. 
 
Iknayan, K.J., Tingley, M.W., Furnas, B.J. and Beissinger, S.R. 2014. Detecting 
diversity: Emerging methods to estimate species diversity. Trends in Ecology & 
Evolution. 29:97–106. 
 
Irwin, M.T., Wright, P.C., Birkinshaw, C., Fisher, B.L., Gardner, C.J., Glos, J., 
Goodman, S.M., Loiselle, P., Rabeson, P., Raharison, J.L. and Raherilalao, M.J., 
Rakotondravony D., Raselimanana, A., Ratsimbazafy, J., Sparks, J.S., Wilmé, L. 
and Ganzhorn, J.U. 2010. Patterns of species change in anthropogenically 
disturbed forests of Madagascar. Biological Conservation. 143:2351–2362. 
 
Jaccard, P. 1912. The distribution of the flora in the alpine zone. New Phytologist. 11:37–
50. 
 
Jackson, H.B. and Fahrig, L. 2015. Are ecologists conducting research at the optimal 
scale? Global Ecology and Biogeography. 24:52–63. 
 
Johnson, R.W., Fleet, R.R., Keck, M.B. and Rudolph, D.C. 2007. Spatial ecology of the 
Coachwhip, Masticophis flagellum (Squamata: Colubridae), in eastern Texas. 
Southeastern Naturalist. 6:111–124. 
 
Jost, L. 2007. Partitioning diversity into independent alpha and beta components. 
Ecology. 88:2427–2439. 
 
Jung, V., Violle, C., Mondy, C., Hoffmann, L. and Muller, S. 2010. Intraspecific 
variability and trait-based community assembly. Journal of Ecology. 98:1134–
1140. 
 




Keylock, C.J. 2005. Simpson diversity and the Shannon-Weiner index as special cases of 
a generalized entropy. Oikos. 109:203–207. 
 
Kilpatrick, E.S., Kubacz, D.B., Guynn, D.C., Jr, Lanham, J.D., and Waldrop, T.A. 2004. 
The effects of prescribed burning and thinning on herpetofauna and small 
mammals in the upper Piedmont of South Carolina: Preliminary results of the 
National Fire and Fire Surrogate Study. Pp. 18–22 in Tech. Rep. SRS–71. U.S. 
Department of Agriculture, Asheville, NC. 
 
Kjoss, V.A. and Litvaitis, J.A. 2001. Community structure of snakes in a human-
dominated landscape. Biological Conservation. 98:285–292. 
 
Kraft, N.J., Cornwell, W.K., Webb, C.O. and Ackerly, D.D. 2007. Trait evolution, 
community assembly, and the phylogenetic structure of ecological communities. 
American Naturalist. 170:271–283. 
 
Laduke, T.C., Krause, D.W., Scanlon, J.D. and Kley, N.J. 2010. A Late Cretaceous 
(Maastrichtian) snake assemblage from the Maevarano Formation, Mahajanga 
Basin, Madagascar. Journal of Vertebrate Paleontology. 30:109–138. 
 
Landers, J.L. and Wade, D.D. 1991. Disturbance influences on pine traits in the 
southeastern United States. Pp. 61–98 in Proceedings of the Tall Timbers Fire 
Ecology Conference. Volume 18. 
 
Larsen, T.H., Williams, N.M. and Kremen, C. 2005. Extinction order and altered 
community structure rapidly disrupt ecosystem functioning. Ecology Letters. 
8:538–547. 
 
Laurent, E.J., Shi, H., Gatziolis, D., LeBouron, J.P., Walters, M.B and Liu, J. 2005. 
Using the spatial precision of satellite imagery to predict wildlife occurrence 
patterns. Remote Sensing of Environment. 97:249–262. 
 
Leduc, J.C., Kozlowicz, K.J., Litzgus, J.D. and Lesbarrères, D. 2012. Ecology of 
herpetofaunal populations in smelting tailings wetlands. Herpetology Notes. 
5:115–125. 
 
Lefcheck, J.S., Byrnes, J.E., Isbell, F., Gamfeldt, L., Griffin, J.N., Eisenhauer, N., Hensel, 
M.J., Hector, A., Cardinale, B.J. and Duffy, J.E. 2015. Biodiversity enhances 




Legendre, P. 2014. Interpreting the replacement and richness difference components of 
beta diversity. Global Ecology and Biogeography. 23:1324–1334. 
 
Leibold, M.A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J.M., Hoopes, M.F., 
Holt, R.D., Shurin, J.B., Law, R., Tilman, D. and Loreau, M. 2004. The 
metacommunity concept: A framework for multi-scale community ecology. 
Ecology Letters. 7:601–613. 
 
Leinster, T. and Cobbold, C.A. 2012. Measuring diversity: The importance of species 
similarity. Ecology. 93:477–489. 
 
Lelièvre, H., Legagneux, P., Blouin-Demers, G., Bonnet, X. and Lourdais, O. 2012. 
Trophic niche overlap in two syntopic colubrid snakes (Hierophis viridiflavus and 
Zamenis longissimus) with contrasted lifestyles. Amphibia-Reptilia. 33:37–44. 
 
Lessard, J.P., Belmaker, J., Myers, J.A., Chase, J.M. and Rahbek, C. 2012. Inferring local 
ecological processes amid species pool influences. Trends in Ecology & 
Evolution. 27:600–607. 
 
Lillywhite, H.B. 1987. Temperature, energetics, and physiological ecology. Pp. 422–477 
in Snakes: Ecology and Evolutionary Biology (R.A. Seigel, J.T. Collins, and S.S. 
Novak, eds.). McGraw-Hill, USA. 
 
Liu, X., Wu, P., Songer, M., Cai, Q., He, X., Zhu, Y. and Shao, X. 2013. Monitoring 
wildlife abundance and diversity with infra-red camera traps in Guanyinshan 
Nature Reserve of Shaanxi Province, China. Ecological Indicators. 33:121–128. 
 
Loehle, C., Wigley, T.B., Shipman, P.A., Fox, S.F., Rutzmoser, S., Thill, R.E. and 
Melchiors, M.A. 2005. Herpetofaunal species richness responses to forest 
landscape structure in Arkansas. Forest Ecology and Management. 209:293–308. 
 
Losos, J.B. 2010. Adaptive radiation, ecological opportunity, and evolutionary 
determinism: American Society of Naturalists EO Wilson Award address. 
American Naturalist. 175:623–639. 
 
Luiselli, L. 2006. Resource partitioning and interspecific competition in snakes: The 
search for general geographical and guild patterns. Oikos. 114:193–211. 
 
Luiselli, L. and Akani, G.C. 2002. An investigation into the composition, complexity and 
functioning of snake communities in the mangroves of south-eastern Nigeria. 
African Journal of Ecology. 40:220–227. 
88 
Lukoschek, V., Beger, M., Ceccarelli, D., Richards, Z. and Pratchett, M. 2013. Enigmatic 
declines of Australia’s sea snakes from a biodiversity hotspot. Biological 
Conservation. 166:191–202. 
 
MacArthur, R.H. and MacArthur, J.W. 1961. On bird species diversity. Ecology. 42:594–
598. 
 
MacNally, R. 2002. Multiple regression and inference in ecology and conservation 
biology: Further comments on identifying important predictor variables. 
Biodiversity and Conservation. 11:1397-1401. 
 
MacDougall, A.S., McCann, K.S., Gellner, G. and Turkington, R. 2013. Diversity loss 
with persistent human disturbance increases vulnerability to ecosystem collapse. 
Nature. 494:86–89. 
 
MacKenzie, D.I., Nichols, J.D., Lachman, G.B., Droege, S., Andrew Royle, J. and 
Langtimm, C.A. 2002. Estimating site occupancy rates when detection 
probabilities are less than one. Ecology. 83:2248–2255. 
 
MacKenzie, D.I., Bailey, L.L., Hines, J.E. and Nichols, J.D. 2011. An integrated model 
of habitat and species occurrence dynamics. Methods in Ecology & Evolution. 
2:612–622. 
 
Magurran, A.E., 2013. Measuring Biological Diversity. John Wiley & Sons, Inc. USA. 
 
Magurran, A.E., Baillie, S.R., Buckland, S.T., Dick, J.M., Elston, D.A., Scott, E.M., 
Smith, R.I., Somerfield, P.J. and Watt, A.D. 2010. Long-term datasets in 
biodiversity research and monitoring: assessing change in ecological communities 
through time. Trends in Ecology & Evolution. 25:574–582. 
 
Martin, W.H. 1993. Reproduction of the timber rattlesnake (Crotalus horridus) in the 
Appalachian Mountains. Journal of Herpetology. 27:133–143. 
 
Martins, M., Marques, O.A. and Sazima, I. 2008. How to be arboreal and diurnal and still 
stay alive: Microhabitat use, time of activity, and defense in Neotropical forest 
snakes. South American Journal of Herpetology. 3:58–67. 
 
Mason, N.W., de Bello, F., Doležal, J. and Lepš, J. 2011. Niche overlap reveals the 
effects of competition, disturbance and contrasting assembly processes in 
experimental grassland communities. Journal of Ecology. 99:788–796. 
 
89 
Mason, N.W., de Bello, F., Mouillot, D., Pavoine, S. and Dray, S. 2013. A guide for 
using functional diversity indices to reveal changes in assembly processes along 
ecological gradients. Journal of Vegetation Science. 24:794–806. 
 
Mauricio Bini, L., Diniz-Filho, J.A.F., Rangel, T.F., Akre, T.S., Albaladejo, R.G., 
Albuquerque, F.S., Aparicio, A., Araújo, M.B., Baselga, A., Beck, J. and Isabel 
Bellocq, M. 2009. Coefficient shifts in geographical ecology: An empirical 
evaluation of spatial and non-spatial regression. Ecography. 32:193–204. 
 
Mayfield, M.M. and Levine, J.M. 2010. Opposing effects of competitive exclusion on the 
phylogenetic structure of communities. Ecology Letters. 13:1085–1093. 
 
Mazerolle, M.J. 2004. Mouvements et Reproduction des Amphibiens en Tourbières 
Perturbées. Doctoral dissertation, University of Laval, Quebec. 
 
Mazerolle, M.J. 2006. Improving data analysis in herpetology: Using Akaike’s 
Information Criterion (AIC) to assess the strength of biological hypotheses. 
Amphibia-Reptilia. 27:169–180. 
 
McCain, C.M. 2010. Global analysis of reptile elevational diversity. Global Ecology and 
Biogeography. 19:541–553. 
 
McGeoch, M.A., Butchart, S.H., Spear, D., Marais, E., Kleynhans, E.J., Symes, A., 
Chanson, J. and Hoffmann, M. 2010. Global indicators of biological invasion: 
species numbers, biodiversity impact and policy responses. Diversity and 
Distributions. 16:95–108. 
 
McGill, B.J., Enquist, B.J., Weiher, E. and Westoby, M. 2006. Rebuilding community 
ecology from functional traits. Trends in Ecology & Evolution. 21:178–185. 
 
Means, D.B. 2007. Vertebrate faunal diversity of Longleaf Pine ecosystems. Pp. 157–213 
in The Longleaf Pine Ecosystem. Springer, USA. 
 
Mebert, K., Masroor, R. and Iqbal Chaudhry, M.J. 2013. The dice snake, Natrix tessellata 
(Serpentes: Colubridae) in Pakistan: Analysis of its range limited to few valleys in 
the Western Karakoram. Pakistan Journal of Zoology. 45:395-410. 
 
Meshaka, W.E., Jr. 2010. Seasonal activity and breeding seasons of snakes from 
Powdermill Nature Reserve in western Pennsylvania: The importance of site-
specific data in land management programs. Herpetological Conservation and 
Biology. 5:155–165. 
90 
Meshaka, W.E., Jr., Marshall, S.D. and Guiher, T.J. 2008. Seasonal activity and 
reproductive characteristics of an oldfield-grassland snake assemblage: 
Implications for land management. Herpetological Bulletin. 105:35–40. 
 
Metzger, C., Ursenbacher, S. and Christe, P. 2009. Testing the competitive exclusion 
principle using various niche parameters in a native (Natrix maura) and an 
introduced (N. tessellata) colubrid. Amphibia-Reptilia. 30:523–531. 
 
Michael, D.R., Cunningham, R.B. and Lindenmayer, D.B. 2008. A forgotten habitat? 
Granite inselbergs conserve reptile diversity in fragmented agricultural 
landscapes. Journal of Applied Ecology. 45:1742–1752. 
 
Michael, D.R., Kay, G.M., Crane, M., Florance, D., MacGregor, C., Okada, S., 
McBurney, L., Blair, D. and Lindenmayer, D.B. 2015. Ecological niche breadth 
and microhabitat guild structure in temperate Australian reptiles: Implications for 
natural resource management in endangered grassy woodland ecosystems. Austral 
Ecology. 40:651–660. 
 
Morris, R.J. 2010. Anthropogenic impacts on tropical forest biodiversity: a network 
structure and ecosystem functioning perspective. Philosophical Transactions of 
the Royal Society of London B: Biological Sciences. 365:3709–3718. 
 
Mouchet, M.A., Villéger, S., Mason, N.W. and Mouillot, D. 2010. Functional diversity 
measures: an overview of their redundancy and their ability to discriminate 
community assembly rules. Functional Ecology. 24:867–876. 
 
Mouillot, D., Bellwood, D.R., Baraloto, C., Chave, J., Galzin, R., Harmelin-Vivien, M., 
Kulbicki, M., Lavergne, S., Lavorel, S., Mouquet, N., Paine, C.E.T., Renaud, J. 
and Thuiller, W. 2013(a). Rare species support vulnerable functions in high-
diversity ecosystems. PLoS biology. 11:e1001569. 
 
Mouillot, D., Graham, N.A., Villéger, S., Mason, N.W. and Bellwood, D.R. 2013(b). A 
functional approach reveals community responses to disturbances. Trends in 
Ecology & Evolution. 28:167–177. 
 
Newbold, T., Hudson, L.N., Hill, S.L., Contu, S., Lysenko, I., Senior, R.A., Börger, L., 
Bennett, D.J., Choimes, A., Collen, B. and Day, J. 2015. Global effects of land 
use on local terrestrial biodiversity. Nature. 520:45–50. 
 
91 
Nopper, J., Lauströer, B., Rödel, M.O. and Ganzhorn, J.U. 2017. A structurally enriched 
agricultural landscape maintains high reptile diversity in sub-arid south-western 
Madagascar. Journal of Applied Ecology. 54:480–488. 
 
Noss, R.F. 1989. Longleaf pine and wiregrass: Keystone components of an endangered 
ecosystem. Natural Areas Journal 9:211–213. 
 
O'Brien, T.G., Baillie, J.E.M., Krueger, L. and Cuke, M. 2010. The Wildlife Picture 
Index: Monitoring top trophic levels. Animal Conservation. 13:335–343. 
 
Öckinger, E., Schweiger, O., Crist, T.O., Debinski, D.M., Krauss, J., Kuussaari, M., 
Petersen, J.D., Pöyry, J., Settele, J., Summerville, K.S. and Bommarco, R. 2010. 
Life-history traits predict species responses to habitat area and isolation: A cross-
continental synthesis. Ecology Letters. 13:969–979. 
 
Ohlberger, J. 2013. Climate warming and ectotherm body size from individual 
physiology to community ecology. Functional Ecology. 27:991–1001. 
 
Olden, J.D., Poff, N.L., Douglas, R.M., Douglas, M.E. and Fausch, K.D. 2004. 
Ecological and evolutionary consequences of biotic homogenization. Trends in 
Ecology & Evolution. 19:18–24. 
 
Owens, A.K., Moseley, K.R., McCay, T.S., Castleberry, S.B., Kilgo, J.C. and Ford, W.M. 
2008. Amphibian and reptile community response to coarse woody debris 
manipulations in upland loblolly pine (Pinus taeda) forests. Forest Ecology and 
Management. 256:2078–2083. 
 
Pakeman, R.J. 2011. Functional diversity indices reveal the impacts of land use 
intensification on plant community assembly. Journal of Ecology. 99:1143–1151. 
 
Pavoine, S. and Bonsall, M.B. 2010. Measuring biodiversity to explain community 
assembly: A unified approach. Biological Reviews. 86:792–812. 
 
Pavoine, S., Vallet, J., Dufour, A., Gachet, S. and Daniel, H. 2009. On the challenge of 
treating various types of variables: Application for improving the measurement of 
functional diversity. Oikos. 118:391–402. 
 
Pearson, K. 1901. Principal components analysis. The London, Edinburgh and Dublin 
Philosophical Magazine and Journal. 6:566. 
 
92 
Peres-Neto, P.R., Legendre, P., Dray, S. and Borcard, D. 2006. Variation partitioning of 
species data matrices: Estimation and comparison of fractions. Ecology. 87:2614–
2625. 
 
Peterson, C.R., Gibson, A.R. and Dorcas, M.E. 1993. Snake thermal ecology: The causes 
and consequences of body-temperature variation. Pp. 241–314 In Snakes: 
Ecology and Behavior (R.A. Seigel and J.T. Collins, eds.). McGraw-Hill. USA. 
 
Phua, M.H. and Minowa, M. 2005. A GIS-based multi-criteria decision making approach 
to forest conservation planning at a landscape scale: A case study in the Kinabalu 
Area, Sabah, Malaysia. Landscape and Urban Planning. 71:207–222. 
 
Pianka, E.R. 1973. The structure of lizard communities. Annual Review of Ecology and 
Systematics. 4:53–74. 
 
Pike, D.A., Croak, B.M., Webb, J.K. and Shine, R. 2010. Subtle – but easily reversible – 
anthropogenic disturbance seriously degrades habitat quality for rock-dwelling 
reptiles. Animal Conservation. 13:411–418. 
 
Pincheira-Donoso, D., Bauer, A.M., Meiri, S. and Uetz, P. 2013. Global taxonomic 
diversity of living reptiles. PLoS One. 8. 
 
Poisot, T., Bever, J.D., Nemre, A., Thrall, P.H. and Hochberg, M.E. 2011. A conceptual 
framework for the evolution of ecological specialization. Ecology Letters. 
14:841–851. 
 
Pollock, L.J., Tingley, R., Morris, W.K., Golding, N., O’Hara, R.B., Parris, K.M., Vesk, 
P.A. and McCarthy, M.A. 2014. Understanding co-occurrence by modeling 
species simultaneously with a Joint Species Distribution Model (JDSM). Methods 
in Ecology & Evolution. 5:397–406. 
 
Pradhan, S., Mishra, D. and Sahu, K.R. 2014. An inventory and assessment of snake 
diversity of Gandhamardan Hills Range of Western Orissa, India. International 
Journal of Pure and Applied Zoology. 2. 
 
Pragatheesh, A. and Rajvanshi, A. 2013. Spatial patterns and factors influencing the 
mortality of snakes on the national highway-7 along Pench Tiger Reserve, 
Madhya Pradesh, India. Oecologia Australis. 17:20–35. 
 
93 
Punzo, F. 1974. Comparative analysis of the feeding habits of two species of Arizona 
blind snakes, Leptotyphlops h. humilis and Leptotyphlops d. dulcis. Journal of 
Herpetology. 8:153–156. 
 
Pyron, R.A. and Burbrink, F.T. 2009. Can the tropical conservatism hypothesis explain 
temperate species richness patterns? An inverse latitudinal biodiversity gradient in 
the New World snake tribe Lampropeltini. Global Ecology and Biogeography. 
18:406–415. 
 
Pyron, R.A. and Burbrink, F.T. 2012. Extinction, ecological opportunity, and the origins 
of global snake diversity. Evolution. 66:163–178. 
 
Rahman, S.C., Rashid, S.M.A., Das, K., Jenkins, C. and Luiselli, L. 2013. Monsoon does 
matter: annual activity patterns in a snake assemblage from Bangladesh. The 
Herpetological Journal. 23:203–208. 
 
Rajabizadeh, M. 2013. Biodiversity of the Snakes in Northern and Western Mountains of 
Iran, with Special Emphasis on biodiversity in Colubroids. Doctoral dissertation, 
University of Gent, The Netherlands. 
 
Ray, C.T., Dickson, B.G., Sisk, T.D. and Sesnie, S.E. 2014. Spatial application of a 
predictive wildlife occurrence model to assess alternative forest management 
scenarios in northern Arizona. Forest Ecology and Management. 322:117–126. 
 
Reinert, H.K. and Zappalorti, R.T. 1988. Field observation of the association of adult and 
neonatal timber rattlesnakes, Crotalus horridus, with possible evidence for 
conspecific trailing. Copeia. 1988:1057–1059. 
 
Relox, R.E., Leano, E.P. and Bates-Camino, F. 2011. Herpetofaunal endemism and 
diversity in tropical forests of Mt. Hamiguitan in the Philippines. Herpetological 
Conservation and Biology. 6:107–113. 
 
Renken, R.B., Gram, W.K., Fantz, D.K., Richter, S.C., Miller, T.J., Ricke, K.B., Russell, 
B. and Wang, X. 2004. Effects of forest management on amphibians and reptiles 
in Missouri Ozark forests. Conservation Biology. 18:174–188. 
 
Ribeiro-Júnior, M.A., Gardner, T.A. and Ávila-Pires, T.C. 2008. Evaluating the 
effectiveness of herpetofaunal sampling techniques across a gradient of habitat 
change in a tropical forest landscape. Journal of Herpetology. 42:733–749. 
 
94 
Richards. S.A. 2008. Dealing with overdispersed count data in applied ecology. Journal 
of Applied Ecology. 45:218–227. 
 
Robinson, G.R., Holt, R.D., Gaines, M.S., Hamburg, S.P., Johnson, M.L., Fitch, H.S. and 
Martinko, E.A. 1992. Diverse and contrasting effects of habitat fragmentation. 
Science. 257:524–526. 
 
Rodda, G.H. 2012. Population size and demographics. Pp. 283–322 in Reptile 
Biodiversity: Standard Methods for Inventory and Monitoring (R.W. McDiarmid, 
M.S. Foster, C. Guyer, J.W. Gibbons and N. Chernoff, eds.). University of 
California Press. USA. 
 
Roll U., Feldman A., Novosolov M., Allison A., Bauer A. M., Bernard R., Böhm M., 
Castro-Herrera F., Chirio L., Collen B., Colli G. R., Dabool L., Das I., Doan T. 
M., Grismer L. L., Hoogmoed M., Itescu Y., Kraus F., LeBreton M., Lewin A., 
Martins M., Maza E., Meirte D., Nagy Z. T., Nogueira C. D., Pauwels O. S. G., 
Pincheira-Donoso D., Powney G. D., Sindaco R., Tallowin O. J. S., Torres-
Carvajal O., Trape Jean-François, Vidan E., Uetz P., Wagner P., Wang Y. Z., 
Orme C. D. L., Grenyer R. and Meiri S. The global distribution of tetrapods 
reveals a need for targeted reptile conservation. Nature Ecology & Evolution. 
1:1677. 
 
Rudolph, D.C. and Burgdorf, S.J. 1997. Timber rattlesnakes and Louisiana pine snakes of 
the west Gulf Coastal Plain: hypotheses of decline. Texas Journal of Science. 
49:111–122. 
 
Rudolph, D.C., Melder, C.A., Pierce, J.B., Schaefer, R.R. and Gregory, B. 2012. Diet of 
the Louisiana Pine Snake (Pituophis ruthveni). Herpetological Review. 43:243–
245. 
 
Ruiz-Jaén, M.C. and Aide, T.M. 2005. Vegetation structure, species diversity, and 
ecosystem processes as measures of restoration success. Forest Ecology and 
Management. 218:159–173. 
 
Ruthven, D.C., Kazmaier, R.T., Gallagher, J.F. and Synatzske, D.R. 2002. Seasonal 
variation in herpetofauna abundance and diversity in the south Texas plains. 





Santos, X., Brito, J.C., Caro, J., Abril, A.J., Lorenzo, M., Sillero, N. and Pleguezuelos, 
J.M. 2009. Habitat suitability, threats and conservation of isolated populations of 
the smooth snake (Coronella austriaca) in the southern Iberian Peninsula. 
Biological Conservation. 142:344–352. 
 
Santos, X. and Poquet, J.M. 2010. Ecological succession and habitat attributes affect the 
postfire response of a Mediterranean reptile community. European Journal of 
Wildlife Research. 56:895–905. 
 
Sargent, C. S. 1884 [reprinted 1991]. Report on the Forests of North America (exclusive 
of Mexico). Volume 9. Norman Ross Publishing Incorporated. USA. 
 
Scali, S. 2011. Ecological comparison of the dice snake (Natrix tessellata) and the 
viperine snake (Natrix maura) in northern Italy. Mertensiella. 18:131–144. 
 
Schwartz, M.W., Brigham, C.A., Hoeksema, J.D., Lyons, K.G., Mills, M.H. and Van 
Mantgem, P.J. 2000. Linking biodiversity to ecosystem function: Implications for 
conservation ecology. Oecologia. 122:297–305. 
 
Scholander, P.F., Flagg, W., Walters, V. and Irving, L. 1953. Climatic adaptation in 
arctic and tropical poikilotherms. Physiological Zoology. 26:67–92. 
 
Segura, C., Feriche, M., Pleguezuelos, J.M. and Santos, X. 2007. Specialist and generalist 
species in habitat use: implications for conservation assessment in snakes. Journal 
of Natural History. 41:2765–2774. 
 
Shannon, C.E. and Weaver, W. 1949. The Mathematical Theory of Communication. 
University of Illinois Press. USA. 
 
Shaw, C. E. and Campbell, S. 1974. Snakes of the American West. Alfred A. Knopf. 
New York. 
 
Shea, K. and Chesson, P. 2002. Community ecology theory as a framework for biological 
invasions. Trends in Ecology & Evolution. 17:170–176. 
 
Shine, R. and Bonnet, X. 2000. Snakes: a new ‘model organism’ in ecological research? 
Trends in Ecology & Evolution. 15:221–222. 
 
Shine, R., Barrott, E.G. and Elphick, M.J. 2002. Some like it hot: effects of forest 
clearing on nest temperatures of montane reptiles. Ecology. 83:2808–2815. 
 
96 
Shipman, P., Fox, S. and Thill, R. 2004. Reptile communities under diverse forest 
management in the Ouachita Mountains, Arkansas. Pp. 174–182 in Tech. Rep. 
SRS–74. U.S. Department of Agriculture, Asheville, NC.  
 
Smith, M.J., Cogger, H., Tiernan, B., Maple, D., Boland, C., Napier, F., Detto, T. and 
Smith, P. 2012. An oceanic island reptile community under threat: The decline of 
reptiles on Christmas Island, Indian Ocean. Herpetological Conservation and 
Biology. 7:206–218. 
 
Soininen, J., McDonald, R. and Hillebrand, H. 2007. The distance decay of similar 
ecological communities. Ecography. 30:3–12. 
 
Spasojevic, M.J. and Suding, K.N. 2012. Inferring community assembly mechanisms 
from functional diversity patterns: The importance of multiple assembly 
processes. Journal of Ecology. 100:652–661. 
 
Sperry, J.H., Blouin-Demers, G. and Carfagno, G.L. 2010. Latitudinal variation in 
seasonal activity and mortality in ratsnakes (Elaphe obsoleta). Ecology. 91:1860–
1866. 
 
Steen, D.A. 2010. Snakes in the grass: Secretive natural histories defy both conventional 
and progressive statistics. Herpetological Conservation and Biology. 5:183–188. 
 
Steen, D.A., Guyer, C. and Smith, L.L. 2012(a). A case study of relative abundance in 
snakes. Pp. 287–294 in Reptile Biodiversity: Standard Methods for Inventory and 
Monitoring (R.W. McDiarmid, M.S. Foster, C. Guyer, J.W. Gibbons and N. 
Chernoff, eds.). University of California Press. USA. 
 
Steen, D.A., McClure, C.J., Brock, J.C., Rudolph, D.C., Pierce, J.B., Lee, J.R., 
Humphries, W.J., Gregory, B.B., Sutton, W.B., Smith, L.L. and Baxley, D.L. 
2012(b). Landscape-level influences of terrestrial snake occupancy within the 
southeastern United States. Ecological Applications. 22:1084–1097. 
 
Steen, D.A., Smith, L.L., Conner, L.M., Litt, A.R., Provencher, L., Hiers, J.K., 
Pokswinksi, S. and Guyer, C. 2013. Reptile assemblage response to restoration of 
fire-suppressed longleaf pine sandhills. Ecological Applications. 23:148–158. 
 
Steen, D.A., Osborne, P.A., Dovčiak, M., Patrick, D.A. and Gibbs, J.P. 2015. A 
preliminary investigation into the short-term effects of a prescribed fire on habitat 
quality for a snake assemblage. Herpetological Conservation and Biology. 
10:263–272. 
97 
Stephens, P.A., Pettorelli, N., Barlow, J., Whittingham, M.J. and Cadotte, M.W. 2015. 
Management by proxy? The use of indices in applied ecology. Journal of Applied 
Ecology. 52:1–6. 
 
Sutton, W.B., Wang, Y. and Schweitzer, C.J. 2010. Habitat relationships of reptiles in 
pine beetle disturbed forests of Alabama, USA, with guidelines for a modified 
drift-fence sampling method. Current Zoology. 56:411–420. 
 
Sutton, W.B., Wang, Y. and Schweitzer, C.J. 2013. Amphibian and reptile responses to 
thinning and prescribed burning in mixed pine-hardwood forests of northwestern 
Alabama, USA. Forest Ecology and Management. 295:213–227. 
 
Tews, J., Brose, U., Grimm, V., Tielbörger, K., Wichmann, M.C., Schwager, M. and 
Jeltsch, F. 2004. Animal species diversity driven by habitat 
heterogeneity/diversity: The importance of keystone structures. Journal of 
Biogeography. 31:79–92. 
 
Theisinger, O. and Raianarivo, M.C. 2015. Patterns of reptile diversity loss in response to 
degradation in the spiny forest of southern Madagascar. Herpetological 
Conservation and Biology. 10:273–283. 
 
Tilman, D. 2002. Niche tradeoffs, neutrality, and community structure: A stochastic 
theory of resource competition, invasion, and community assembly. Proceedings 
of the National Academy of Sciences. 101:10854–10861. 
 
Todd, B.D., Willson, J.D. and Gibbons, J.W. 2010. The global status of reptiles and 
causes of their decline. Pp. 47-67 in Ecotoxicology of Amphibians and Reptiles 
(D.W. Sparling, C.A. Bishop, and S. Krest, eds.). CRC Press, USA. 
 
Uetz, P. and Stylianou, A. 2018. The original descriptions of reptiles and their 
subspecies. Zootaxa. 4375:257–264. 
 
Urban, M.C., Leibold, M.A., Amaraskare, P., Meester, L.D., Gomulkiewicz, R., 
Hochberg, M.E., Lausmeier, C.A., Loeuille, N., Mazancourt, C., Norberg, J., 
Pantel, J.H., Strauss, S.Y., Vellend, M. and Wade, M.J. 2008. The evolutionary 
ecology of metacommunities. Trends in Ecology & Evolution. 23:311–317. 
 
Urbina-Cardona, J.N., Olivares-Pérez, M. and Reynoso, V.H. 2006. Herpetofauna 
diversity and microenvironment correlates across a pasture–edge–interior ecotone 
in tropical rainforest fragments in the Los Tuxtlas Biosphere Reserve of Veracruz, 
Mexico. Biological Conservation. 132:61–75. 
98 
Uriarte, M., Swenson, N.G., Chazdon, R.L., Comita, L.S., John Kress, W., Erickson, D., 
Forero-Montaña, J., Zimmerman, J.K. and Thompson, J. 2010. Trait similarity, 
shared ancestry and the structure of neighbourhood interactions in a subtropical 
wet forest: implications for community assembly. Ecology Letters. 13:1503–
1514. 
 
Van Lear, D.H., Carroll, W.D., Kapeluck, P.R. and Johnson, R. 2005. History and 
restoration of the longleaf pine-grassland ecosystem: implications for species at 
risk. Forest Ecology and Management. 211:150–165. 
 
Vellend, M. 2010. Conceptual synthesis in community ecology. Quarterly Review of 
Biology. 85:183–206. 
 
Villéger, S., Mason, N.W. and Mouillot, D. 2008. New multidimensional functional 
diversity indices for a multifaceted framework in functional ecology. Ecology. 
89:2290–2301. 
 
Violle, C., Enquist, B.J., McGill, B.J., Jiang, L., Albert, C.H., Hulshof, C., Jung, V. and 
Messier, J. 2012. The return of the variance: intraspecific variability in 
community ecology. Trends in Ecology & Evolution. 27:244–252. 
 
Vitt, L.J. 1987. Communities. Pp. 335–365 in Snakes: Ecology and Evolutionary Biology 
(R.A. Seigel, J.T. Collins and S.S. Novak, eds.). McGraw-Hill. USA. 
 
Wagner, R.O., Pierce, J.B., Rudolph, D.C., Schaefer, R.R. and Hightower, D.A. 2014. 
Modeling Louisiana Pine Snake (Pituophis ruthveni) habitat use in relation to 
soils. Southeastern Naturalist. 13:146–158. 
 
Walker, J. 1998. Ground layer vegetation in longleaf pine landscapes: An overview for 
restoration and management. Report. Pp. 213 in Proceedings of the Longleaf Pine 
Ecosystem Restoration Symposium (J.S. Kush, ed.). Volume 3. Longleaf 
Alliance. Ft. Lauderdale. 
 
Wang, I.J. 2013. Examining the full effects of landscape heterogeneity on spatial genetic 
variation: A multiple matrix regression approach for quantifying geographic and 
ecological isolation. Evolution. 67:3403–3411. 
 
Wardle, D.A., Bardgett, R.D., Klironomos, J.N., Setälä, H., Van Der Putten, W.H. and 
Wall, D.H. 2004. Ecological linkages between aboveground and belowground 
biota. Science. 304:1629–1633. 
 
99 
Webb, J.K. and Shine, R. 2008. Differential effects of an intense wildfire on survival of 
sympatric snakes. Journal of Wildlife Management. 72:1394–1398. 
 
Weiher, E., Freund, D., Bunton, T., Stefanski, A., Lee, T. and Bentivenga, S. 2011. 
Advances, challenges and a developing synthesis of ecological community 
assembly theory. Philosophical Transactions of the Royal Society of London B: 
Biological Sciences. 366:2403–2413. 
 
Welbourne, D.J. 2013. A method for surveying diurnal terrestrial reptiles with passive 
infrared automatically triggered cameras. Herpetological Review. 44:247–250. 
 
Werling, B.P., Dickson, T.L., Isaacs, R., Gaines, H., Gratton, C., Gross, K.L., Liere, H., 
Meehan, T.D., Ruan, L., Robertson, B.A., Schmidt, T.M., Schrotenboer, A.C., 
Teal, T.K., Wilson, J.K. and Landis, D.A. 2013. Perennial grasslands enhance 
biodiversity and multiple ecosystem services in bioenergy landscapes. 
Proceedings of the National Academy of Sciences. 111:1652–1657. 
 
Whitfield, S.M., Bell, K.E., Philippi, T., Sasa, M., Bolanos, F., Chaves, G., Savage, J.M. 
and Donnelly, M.A. 2007. Amphibian and reptiles declines over 35 years at La 
Selva, Costa Rica. Proceedings of the National Academy of Sciences. 104:8352–
8356. 
 
Whittaker, R.H. 1960. Vegetation of the Siskiyou mountains, Oregon and California. 
Ecological Monographs. 30:279–338. 
 
Whittaker, R.J., Willis, K.J. and Field, R. 2001. Scale and species richness: Towards a 
general, hierarchical theory of species diversity. Journal of Biogeography. 
28:453–470. 
 
Whittingham, M.J., Stephens, P.A., Bradbury, R.B. and Freckleton, R.P. 2006. Why do 
we still use stepwise modelling in ecology and behaviour? Journal of Animal 
Ecology. 75:1182–1189. 
 
Willson, J.D. 2016. Surface-dwelling reptiles: Pp. 125–136 in Reptile Ecology and 
Conservation: A Handbook of Techniques (C. Kenneth Dodd, Jr., ed.). Oxford 
University Press. UK. 
 
Wilsey, B.J., Chalcraft, D.R., Bowles, C.M. and Willig, M.R. 2005. Relationships among 




Wortley, L., Hero, J. and Howes, M. 2013. Evaluating ecological restoration success: A 
review of the literature. Restoration Ecology. 21:537–543. 
 
Yoccoz, N.G., Nichols, J.D. and Boulinier, T. 2001. Monitoring of biological diversity in 
space and time. Trends in Ecology & Evolution. 16:446–453. 
 
Zipkin, E.F., Royle, J.A., Dawson, D.K. and Bates, S. 2010. Multi-species occurrence 








(A) The location of the study site in Angelina National Forest 
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(B) The location of remote photography arrays (yellow dots) within compartments of the Angelina National Forest. 
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II. Remote Photography Array Coordinates 
 
GCS North American 1983; NAD 1983 UTM Zone 15N 
RPA °Easting °Northing 
1 31.07383 -94.17205 
2 31.06878 -94.17009 
3 31.07461 -94.23644 
4 31.07120 -94.24292 
5 31.06856 -94.24316 
6 31.07445 -94.24223 
7 31.07540 -94.24031 
8 31.07843 -94.19907 
9 31.07639 -94.19814 
10 31.07464 -94.19412 
11 31.07490 -94.19217 
12 31.07336 -94.18892 
13 31.06801 -94.25455 
14 31.07845 -94.25639 
15 31.07188 -94.25344 
16 31.07789 -94.27959 
17 31.07025 -94.27659 
18 31.06978 -94.28194 
19 31.07780 -94.18427 
20 31.08212 -94.18447 
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III. Camera Activity 
 
Season 2016 2017 Both 
images (1 per 30 sec) 8,866,947 6,882,161 15,749,108 
hours operational 73,891 57,351 131,243 
‘sampling days’ 3,079 2,390 5,468 
snakes detected per ‘sampling day’ 0.21 0.19 0.20 
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IV. Taxonomic Diversity Among Detected Snake Species 
 
Detection rank (descending) Species Family 
1 Coluber flagellum Colubridae 
2 Agkistrodon contortrix Viperidae 
3 Micrurus tener Elapidae 
4 Thamnophis proximus Colubridae 
5 Coluber constrictor Colubridae 
6 Pantherophis slowinskii Colubridae 
7 Tantilla gracilis Colubridae 
8 Storeria dekayi Colubridae 
9 Cemophora coccinea Colubridae 
10 Pantherophis obsoletus Colubridae 
11 Heterodon platirhinos Colubridae 
12 Rena dulcis Leptotyphlopidae 
13 Diadophis punctatus Colubridae 
14 Storeria occipitomaculata Colubridae 
15 Lampropeltis gentilis Colubridae 
16 Opheodrys aestivus Colubridae 
t-17 Crotalus horridus Viperidae 
t-17 Lampropeltis calligaster Colubridae 
t-17 Nerodia fasciata Colubridae 
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V. Jaccard Similarity Matrix 
 
All possible pairwise comparisons of Jaccard Similarity (J) in snake diversity (H) detected among 20 remote photography 
arrays (RPA). Cells show the percentage of similarity between the H values associated with each pair of RPA. Cells with ≥ 
70% J are considered similar pairings, and cells with ≤ 30% J are dissimilar. 
RPA # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 100                    
2 55 100                   
3 54 46 100                  
4 36 56 42 100                 
5 50 67 44 38 100                
6 64 55 82 36 50 100               
7 47 40 60 46 56 47 100              
8 55 45 46 40 43 55 31 100             
9 50 55 43 36 50 50 38 70 100            
10 55 60 58 40 67 70 40 45 55 100           
11 50 36 69 31 44 58 50 58 54 46 100          
12 58 50 75 33 47 90 44 64 58 64 75 100         
13 70 70 54 50 75 64 57 55 64 70 58 58 100        
14 58 50 47 23 57 46 35 64 58 38 62 54 58 100       
15 33 50 50 44 46 50 33 36 33 67 38 55 45 21 100      
16 36 38 62 45 57 58 77 29 36 50 62 54 58 33 42 100     
17 33 50 29 44 46 33 43 50 60 36 50 42 60 55 27 42 100    
18 38 42 38 25 31 64 24 55 64 42 67 73 38 46 45 36 45 100   
19 54 46 57 42 53 54 50 73 67 46 69 62 54 62 29 50 50 54 100  
20 45 36 50 63 36 45 43 67 45 36 50 42 45 58 27 42 40 33 64 100 
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VI. History of the Longleaf Pine (Pinus palustris) Savannas 
 
Early narratives refer to the unaltered Longleaf-dominated environs as grasslands 
with numerous, large, and adequately-spaced Longleaf pine trees. Longleaf pine 
ecosystems possessed prominent levels of biotic diversity. Only xeric-tolerant vegetation 
accumulated among the Longleaf pine trees, notably, a host of native grasses including 
Broomsedge (Andropogon virginicus), Big Bluestem (Andropogon gerardii), Little 
Bluestem (Schizachyrium scoparium), and Indiangrass (Sorghastrum nutans; Sargent 
1884, Noss 1989). Maintenance of model Longleaf Pine Savannas was by frequent, low-
intensity wildfires (Van Lear et al. 2005), and modern Longleaf environs are optimally 
managed using prescribed burns (Bond & Keeley 2005). 
Longleaf Pine (Pinus palustris) are pyrophytes and can withstand direct contact 
with fire because of several adaptations. Longleaf pine bark is composed of many paper-
thin layers that flake off when burned—rapidly shedding flames off the tree and 
preventing any fire from reaching the crown. As seedlings, Longleaf pines are nearly 
immune to fire—seedlings resemble a clump of grass but are indeed terrestrial, needle-
encased buds that allocate resources to spreading their root-systems, rather than vertical 
growth. The moisture content and needle-density of grass-phase P. palustris forms a fire-
proof barrier around the bud. 
Fire is an integral part of Longleaf-dominated ecosystems because it purges fire-
prone vegetation from the understory and prevents invasive saplings from taking root, 
therein; thus, the slow-maturing P. palustris is without competition for sunlight, and 
other resources needed for establishment (Ares et al. 2010). In eastern Texas, USA, 
frequent, low-intensity fires limit the growth of hardwood stands to moist, well-drained 
bottomlands (e.g., spring-fed stream banks, swampland). 
The characteristics of transitional topographic zones (in this case: the areas 
between sandy ridges and wet bottomlands) include elevational gradients, strips of 
exposed, non-sand substrates (e.g., clay), and distinct changes in vegetative structuring. 
Angiosperm communities occur in these zones and include Southern Magnolia (Magnolia 
grandiflora) and American Beech (Fagus grandifolia). The mesic bottomland gulches 
and floodplains consist of hardwood species that can tolerate periodic submersion in 
floodwaters, such as Red Maple (Acer rubrum), Sweet Gum (Liquidambar styraciflua), 
Pecan (Carya illinoinensis), and Water Oak (Quercus nigra; Conner et al. 2001). 
Managers designate pristine Longleaf Pine Savannas as Condition Class 1 
(CC1)—the southern part of ANF is designated as lower-CC1+ (pers. comm., D. Snyder 
2017); only a small subset of privately-owned parcels fragment the otherwise contiguous 
forest.
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VII. Prospective Species Pool 
 
Common (left column) and scientific (right column) names of snakes that occur in 
eastern Texas (Dixon 2013) and might be encountered within ANF (‡ = species that were 
not detected by cameras but were caught or observed on-site; † = species presumed 
extirpated). 
 
‡Glossy Snakes Arizona elegans 
Northern Scarletsnakes Cemophora coccinea 
Eastern Racers Coluber constrictor 
Eastern Coachwhips Coluber flagellum 
Ring-necked Snakes Diadophis punctatus 
Western Red-bellied Mudsnakes Farancia abacura 
‡Rough Earthsnakes Haldea striatula 
Plains Hog-nosed Snakes Heterodon nasicus 
Eastern Hog-nosed Snakes Heterodon platirhinos 
Prairie Kingsnakes Lampropeltis calligaster 
Speckled Kingsnakes Lampropeltis holbrooki 
Western Milksnakes Lampropeltis gentilis 
Mississippi Green Watersnakes Nerodia cyclopion 
Plain-bellied Watersnakes Nerodia erythrogaster 
Southern Watersnakes Nerodia fasciata 
‡Diamond-backed Watersnakes Nerodia rhombifer 
Rough Greensnakes Opheodrys aestivus 
Slowinski’s Cornsnakes Pantherophis slowinskii 
Western Ratsnakes Pantherophis obsoletus 
†Louisiana Pinesnakes Pituophis ruthveni 
Graham’s Crayfish Snakes Regina grahamii 
Glossy Swamp Snakes Liodytes rigida 
Western Groundsnakes Sonora semiannulata 
DeKay’s Brownsnakes Storeria dekayi 
Red-bellied Snakes Storeria occipitomaculata 
Flat-headed Snakes Tantilla gracilis 
Western Ribbonsnakes Thamnophis proximus 
Common Gartersnakes Thamnophis sirtalis 
Lined Snakes Tropidoclonion lineatum 
‡Smooth Earthsnakes Virginia valeriae 
Southern Copperheads Agkistrodon contortrix 
‡Western Cottonmouths Agkistrodon piscivorus 
Timber Rattlesnakes Crotalus horridus 
†Pygmy Rattlesnakes Sistrurus miliarius 
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